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ABSTRACT
Rhodococcus rhodochrous is a Gram-positive, aerobic, non-pathogenic bacterium
ubiquitous in soil. The bacterium exhibits pleomorphic growth and produces orange to red-orange
pigmented colonies on selective media. Rhodococcus rhodochrous can utilize multiple carbon and
nitrogen sources and is capable of growth at a range of 28°C and 40°C. Environmentally derived
Rhodococcus strains have been used for over 70 years in industrial fermentation to produce
pharmaceutical and industrial-grade products. The bacterium has a broad metabolic and
physiological diversity that allows for numerous therapeutic, industrial, and agricultural
applications.

In this study, flask cultures and pre-pilot fed-batch fermentations (20L) of multiple R.
rhodochrous DAP 96253 substrains were conducted to study the effects of Co2+ media
supplementation on biomass production and enzyme activity potential of the bacterium. It was
shown that the introduction of the metal ion, in conjunction with amides, upregulated the
production and activity of nitrile hydratase and allowed up to 8.6x107 IU of crude nitrile hydratase
to be synthesized from every liter of fermentation harvest that can be used for the
biotransformation of nitriles. The use of Co2+ also increased the activity of asparaginase and
glutaminase of the crude cell-free lysate (CFL) from harvested cells. This significant increase in
activity allowed for the fermentation production of up to 5.5x105 IU of purified asparaginase per
harvested liter. Asparaginase is an enzyme that is currently used for the treatment of juvenile acute
lymphoblastic leukemia and has shown promising in vitro anti-cancer results in our lab.
In addition to high enzyme production, this study also showed that immobilized wholecells and specific purified enzymes, such as monooxygenases, can be used as a contactindependent application for the delayed fruit ripening of climacteric fruit and as an antifungal
catalyst towards phytopathogenic fungi of peaches and strawberries.
These findings indicate that the use of supplemental Co2+ in conjunction with pre-pilot fedbatch fermentation of R. rhodochrous DAP 96253 allows for the large-scale production of highly
active enzymes and could be a potential biomanufacturing candidate for therapeutic and
agricultural products.
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1
1.1

INTRODUCTION

Rhodococcus rhodochrous
The taxonomy of Rhodococcus rhodochrous has undergone various iterations throughout

the past century (Larkin, Kulakov, & Allen, 2010). Zöpf first introduced the genus to classify
two bacterial organisms which expressed red pigmentation during growth (1891). Numerous
definitions of the genus were adopted throughout its taxonomic history due to its similarities with
Mycobacterium, Nocardia, Gordonia and other red-pigment producing bacteria (Larkin et al.,
2010; Tsukamura, 1974; Winslow & Rogers, 1906). The species Rhodococcus rhodochrous was
last amended in 1996 by the International Union of Microbiological Societies; when
Rhodococcus roseus was incorporated into Rhodococcus rhodochrous due to similar mycolic
acid chain lengths and 16S rDNA homology (Rainey, Burghardt, Kroppenstedt, Klatte, &
Stackebrandt, 1995).
Rhodococcus rhodochrous is a Gram-positive, aerobic, non-motile bacterium that is
ubiquitous in soil (Finnerty, 1992). Unlike its two pathogenic relatives, Rhodococcus equi and
Rhodococcus fascians, R. rhodochrous is non-pathogenic; allowing for easy and safe Biosafety
Level 1 (BSL-1) cultivation (Goethals, Vereecke, Jaziri, Van Montagu, & Holsters, 2001;
Muscatello et al., 2007). The cell wall of Rhodococcus rhodochrous contains mycolic acids; a
feature that is present in all Rhodococcus species and related members of the Mycolata (Larkin et
al. 2010; Ochi 1995). The bacteria typically exhibit pleomorphic growth, forming branched rodcocci, and produces orange to red-pigmented colonies on selective media. Rhodococcus
rhodochrous can utilize multiple carbon and nitrogen sources and is capable of growth at a range
of 28°C and 40°C (Goodfellow & Alderson, 1977; Rainey et al., 1995; Wever, Cort, Noots, &
Verachtert, 1997).
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Rhodococcus spp. have been used for over seventy years in industrial fermentation. The
bacterium has a broad metabolic and physiological diversity that allows for numerous practical
applications such as biocatalysis and biotransformation (Chen, Otten, Resch, Muyzer, &
Hanefeld, 2013; Finnerty, 1992; Larkin, Kulakov, & Allen, 2005). Rhodococcus rhodochrous J1,
when induced with isovaleronitrile, produces nitrilase which allows for degradation of nitriles
directly to the corresponding acids and ammonia. Enzymes which degrade nitriles, such as
nitrilase and nitrile hydratase, are used in the industrial manufacturing of acrylamide by using
bacterial bioconversion (Kobayashi, Nagasawa, & Yamada, 1989; Yamada & Kobayashi, 1996).
Rhodococcus rhodochrous IGTS8 can extract its sole sulfur source from coal, opening up
research into biodesulfurization; a current environmental solution and progress towards zerosulfur fuel (Kilbane & Jackowski, 1992; Mohebali & Ball, 2016).
Induced cells of Rhodococcus rhodochrous DAP 96253 can be utilized for several unique
therapeutic and agricultural applications due to its diverse metabolism (United States Patent No.
5,863,750, 1999). Current research, in our laboratory, has shown that under specific inducing
conditions, immobilized cells of Rhodococcus rhodochrous DAP 96253 can be used as a catalyst
for the delayed fruit ripening of climacteric fruit such as bananas and peaches by disrupting the
Yang Cycle through the involvement of monooxygenases (Pierce et al., 2011; Pierce, Tucker,
Wang, Swensen, & Crow, 2014). Additionally, Rhodococcus rhodochrous DAP 96253 has the
capability to act as an antifungal catalyst towards phytopathogenic and parasitic fungi
(Barlament, 2016; Cannon, 2019; Cornelison et al., 2014). The Rhodococcus species produces
several derivatives of asparaginase when grown on inducing solid media and by pre-pilot fedbatch fermentation. The novel asparaginase-like activity is particular of interest as a
developmental avenue for future therapeutic enzymes.
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1.2

Metabolic Diversity of Rhodococcus rhodochrous DAP 96253
Rhodococcus rhodochrous are known for their diverse metabolism and have been found

in a wide range of environments, including areas that contain high concentrations of toxic
organic compounds. The highly diverse metabolism of R. rhodochrous has been directly
correlated to it being ubiquitous and for its very large genome, between 6.8 Mbp to 9.7 Mbp, and
containing at least 6.5k protein-coding genes, if not more. Additionally, R. rhodochrous contains
circular and linear plasmids that also encode genes that are essential components of its diverse
metabolism (Chen et al., 2013; Larkin et al., 2010).
This metabolic diversity has been utilized in Rhodococcus rhodochrous DAP 96253. The
strain produces several beneficial enzymes which have the potential to be used for therapeutic,
agricultural, and industrial applications. These enzymes include, but are not limited to: nitrile
hydratase (NHase), asparaginase (ASNase), glutaminase (GLNase), 1-hexene monooxygenase,
and amidase (AMDase) (Pierce et al., 2011; Pierce et al., 2014; Tucker, Crow, & Pierce, 2012;
Patent No. 9,605,241 B2, 2017).
1.2.1

Nitrile hydratase (NHase)
Nitrile hydratase (NHase) is an enzyme, composed of alpha (α) and beta (β) subunits

forming an α2β2 hetero-tetramer, which catalyzes the hydrolysis of aliphatic nitriles to their
corresponding amide (Ganguly, 2007; Lan et al., 2017; Mascharak, 2002; Yamada & Kobayashi,
1996). In conjunction with amidase (AMDase), the corresponding amide is converted to a
carboxylic acid, such as acrylic acid and ammonia (Figure 1.1). This enzymatic pathway is
similar to nitrilase (NTase), which converts nitriles directly to its corresponding carboxylic acid.
Currently, Rhodococcus rhodochrous is the main mesophilic bacteria utilized for the production
of NHase (Cowan, Cameron, & Tsekoa, 2003). The industrial conversion of acrylonitrile to
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acrylamide has been conducted for over a decade by the use of NHase (Yamada & Kobayashi,
1996). Acrylamide is utilized for specific gels in denaturing conditions and for the production of
polyacrylamide for wastewater treatment and several other industries, such as textiles (Matoso,
Bargi-Souza, Ivanski, Romano, & Romano, 2019; Sanger & Coulson, 1978).

Figure 1.1: Enzyme Diagram of NHase and AMDase
Nitrile hydratase is considered a metalloenzyme, an enzyme which utilizes a metal
cofactor that is directly bound to the protein (Hoppert, 2011; Huang et al., 1997). Rhodococcus
spp. produces two types of NHase, the non-heme iron (III) and the non-corrinoid cobalt (III)
metal cofactor variation. The non-heme iron (III) is primarily attached to the α subunit, within
the αβ central cavity in a ligand environment and contains two oxidized cysteine residues
(Huang et al., 1997; Zhou, Hashimoto, Shiraki, & Kobayashi, 2008). It is the currently accepted
that the non-corrinoid cobalt (III) NHase expresses sequence homology with the non-heme iron
(III) NHase and the metal cofactor attaches in a similar fashion (Alvarez, 2019; Mascharak,
2002). It is important to note that the NHase utilizing the non-corrinoid cobalt cofactor is more
thermally stable in comparison to its iron counterpart (Alvarez, 2019). This thermostability has
been seen with the non-corrinoid cobalt NHase of Rhodococcus rhodochrous DAP 96253
(Ganguly, 2007). Each αβ subunit has its own active site and corresponding bound metal ion
(Huang et al., 1997). This allows for the α2β2 tetramer configuration of NHase to have two
active sites and be efficiently catalytic (Yamada & Kobayashi, 1996).
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Nitrile hydratase, in its low molecular mass (L-NHase), exists as a α2β2 hetero-tetramer
consisting of a 26 kilodalton (kDa) α subunits and 29 kDA β subunits (Wieser, Takeuchi, Wada,
Yamada, & Nagasawa, 1998). In comparison, the high molecular mass (H-NHase) exists most
frequently as a α10β10 subunit; however, the total number of subunits can vary by species
(Nagasawa, Takeuchi, & Yamada, 1991). Within Rhodococcus rhodochrous J1, the most
extensive researched species in regards to NHase, showed that the L-NHase has an average
overall molecular weight of 100 kDa, while the H-NHase ranges around 500 kDa (Lan et al.,
2017; Nagasawa et al., 1991; Wieser et al., 1998).

Figure 1.2: Hypothesized Gene Order of L-NHase and H-NHase.
Adapted from: (Drago, 2007; Komeda, Kobayashi, & Shimizu, 1996a, 1997)

The two configurations of NHase, found within Rhodococcus rhodochrous, do not just
vary by molecular weight and conformation, but also show differences in their genetic
expression and overall substrate specificity. Within Rhodococcus rhodochrous J1, the H-NHase
has higher specificity towards aliphatic nitriles, such as acrylonitrile. While, L-NHase has a
stronger specificity to other nitriles such as n-butyronitrile and chloroacetonitrile (Wieser et al.,
1998). The gene order of L-NHase and H-NHase also differ; with L-HNase consisting of nhlD,
nhlC, nhlB, nhlA, nhlE, nhlF, and the amdA gene encoding amidase downstream from nhlF.

6

Additionally, nhlF encodes for NhlF, a membrane bound cobalt transport protein (Komeda et al.,
1996a, 1997). The H-NHase gene cluster consists of nhhC, nhhD, nhhE, nhhF, nhhB, nhhA, and
nhhG (Figure 1.2) (Komeda, Kobayashi, & Shimizu, 1996b).
1.2.2

Asparaginase (ASNase) and Glutaminase (GLNase)
L-Asparaginase (ASNase) is an enzyme produced by bacterial species, such as Erwinia

chrysanthemi and Escherichia coli. L-Asparaginase in its active state is a homo-tetramer with
each subunit having a molecular weight of 35.6 kDa (Jennings & Beacham, 1990). Each
individual monomer is about 330 amino acids, forming eight α helices and fourteen β strands
(Aghaiypour, Wlodawer, & Lubkowski, 2001). Several bacterial species produce evolutionarily
related ASNase. Escherichia coli produces both the highly active ASNase type II periplasmic
protein (EcAII) and the less active ASNase type I cytoplasmic protein (EcAI), which is not
utilized for therapeutic treatments. Escherichia coli ASNase EcAII, which has been trademarked
for therapeutic treatments, contains four active sites, each formed at the N-terminal domain of
each subunit (Borek, Kozak, Pei, & Jaskolski, 2014; Swain, Jaskolski, Housset, Rao, &
Wlodawer, 1993).
L-Asparaginase catalysis the hydrolysis of L-Asparagine into L-Aspartic acid and
ammonia (Figure 1.3) (Reddy, Babu, Chandrasai, & Madhuri, 2016; Schalk, Nguyen, Rigouin, &
Lavie, 2014). Commercially, ASNase is utilized for the treatment of Juvenile acute
lymphoblastic leukemia (ALL), as a method of depleting extracellular asparagine that is required
for protein biosynthesis in cancerous cells (Müller, 1998). Several commercially available
products of ASNase are available; including, E. coli ASNase (OcasparTM) and E. chrysanthemi
(Erwinase) (Pieters et al., 2011). Asparaginase also has the potential to be utilized in the food
industry, as a recent study has shown that the treatment of fried food with ASNase, derived from
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Aspergillus terreus, has shown to overall reduce acrylamide concentration in conjunction with
optimized cooking temperature (Aiswarya & Baskar, 2018).

Figure 1.3: Enzyme Diagram of ASNase
L-Glutaminase (GLNase) catalysis the hydrolysis of glutamine into L-glutamic acid and
ammonia (Figure 1.4). L-Glutaminase is considered a monomer with a molecular weight of 20
kDa (Hashizume et al., 2011). Due to the interactions of kidney-type GLNase and blood serum
glutamine in regards of tumor establishment in ALL, current research of GLNase has been
focused on the non-bacterial synthesis and inhibition of the enzyme (Li et al., 2016; Thangavelu,
Chong, Low, & Sivaraman, 2014). Additionally, while most prokaryotes and eukaryotes produce
GLNase, it is important to differentiate strict GLNase that solely catalyze the hydrolysis of Lglutamine, and the common GLNase-ASNase enzymes that have the capability to deaminate
ASN and GLN (Brown et al., 2008). L-Glutaminase is not only utilized for pharmaceutical
research, but also is utilized as a flavor enhancing tool in fermented condiments (Nandakumar,
Yoshimune, Wakayama, & Moriguchi, 2003).

Figure 1.4: Enzyme Diagram of GLNase
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1.2.3

1-Hexene Monooxygenase (1-HMO)
Monooxygenases are a group of enzymes which have the ability to catalyze the insertion

of singlet oxygen into an organic substrate by utilizing molecular oxygen (O2  R-OH + H2O).
They share similarities with dioxygenases, which catalyze the insertions of both oxygens from
O2 (Torres Pazmiño, Winkler, Glieder, & Fraaije, 2010). Prokaryotes produce multiple variations
of monooxygenases, such as flavin-dependent monooxygenase by Streptomyces coelicolor or the
copper ascorbate-dependent monooxygenase (Valton, Filisetti, Fontecave, & Nivière, 2004; Xin,
Mains, & Eipper, 2004).
1-hexene monooxygenase (1-HMO), previously described as alkene (or alkane)
monooxygenase (AMO), is produced by Rhodococcus rhodochrous DAP 96253 and has the
ability to delay the ripening of climacteric fruit, such as bananas and peaches. 1-HMO is capable
of converting ethylene, a catalyst for ripening, into its corresponding epoxide without the use of
exogenously supplied cofactor(s); a general requirement of monooxygenases. It achieves this by
the utilization of bound pyridine nucleotide cofactors that R. rhodochrous DAP 96253 can
regenerate (Pierce et al., 2014). Based upon solely available genomic DNA annotations (≠
plasmid-DNA), R. rhodochrous DAP 96253 contains up to twenty different protein variations
with monooxygenase activity (Appendix H)(Belshazzar, 2017).
1.3

Therapeutic and Agricultural Applications
Current research, in our laboratory, has shown that under specific inducing conditions,

Rhodococcus rhodochrous DAP 96253 has the potential to produce numerous enzymatic
compounds that can be utilized for therapeutic, agricultural, and industrial applications.
Therapeutic applications involve the production of an enzyme with ASNase activity that has the
potential to be used for future treatments against childhood acute lymphoblastic leukemia by
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depleting the available asparagine; a critical amino acid that tumor cells rely on for protein
synthesis (Müller, 1998). Additionally, research has also focused on NHase and GLNase
production and its correlation towards ASNase activity. The production of 1-HMO plays a
pivotal role in the delayed fruit ripening of climacteric fruit, such as bananas and peaches, in a
post-harvest application (Pierce et al., 2014). Rhodococcus rhodochrous DAP 96253 has also
been shown to have contact-independent fungal antagonistic properties that has the potential to
be used as a biological treatment (Cornelison et al., 2014). Lastly, industrial applications focus
on the production of NHase and its ability to produce bio-acrylamide (bio-AMD) (Tucker et al.,
2012).
1.3.1

Acute Lymphoblastic Leukemia (ALL)
Acute lymphoblastic leukemia (ALL) is a type of cancer which predominantly affects

children and is currently one of the leading causes of cancer related deaths for the age group
(Mohapatra, Patra, & Satpathy, 2014). In 2014, within the United States, an estimated 2670 new
cases of ALL were reported; making up 26% of all new cases of childhood cancer between the
ages of 0-14 and 8% for the ages of 15-19 (Ward, DeSantis, Robbins, Kohler, & Jemal, 2014).
Two years later, the annual new cases of ALL rose to 6590 new cases and 1400 deaths among
both children and adults, with 80% of new cases occurring during childhood (Terwilliger &
Abdul-Hay, 2017).
The current treatment for ALL utilizes ASNase to deplete available L-asparagine from
surrounding cancerous cells, as L-asparagine is an essential component for protein synthesis
(Sukhoverkov & Kudryashova, 2015). This type of treatment is effective due to the ability of
ASNase to deaminate L-asparagine and produce aspartic acid and ammonia (Figure 1.3) (Nawaz,
Zhang, Khan, & Cerniglia, 1998; Reddy et al., 2016; Schalk et al., 2014). Leukemic
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lymphoblasts, do not have an effective L-asparagine synthetase pathway to replenish Lasparagine and therefore rely primarily on the asparagine found in the blood serum (Figure 1.5)
(Cachumba et al., 2016; Sukhoverkov & Kudryashova, 2015).

Figure 1.5: Mechanism of ASNase Treatment

Adapted from: (Cachumba et al., 2016; Capizzi, 1993; Müller, 1998)

Present-day L-asparaginase treatment is derived from microbial sources, including
Escherichia coli (ElsparTM) and Erwinia chrysanthemi (ErwinaseTM, OncasparTM); which have
increased the five-year survival rate upwards to 90% (Salzer, Asselin, Plourde, Corn, & Hunger,
2014; Ward et al., 2014). However, several challenges are linked to the treatment of ALL. The
majority of complications occur due to the patient’s immunological reaction towards the
treatment, such as ASNase-induced hypersensitivity. Additional side effects include pancreatitis,
thrombosis, encephalopathy, and liver damage (Fernandez et al., 2014). While most of the side
effects can be attributed to the depletion of L-asparagine during treatment; the ASNase-induced
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hypersensitivity is caused due to the immune response to the bacterially produced enzyme
(Hijiya & van der Sluis, 2016). It is important to note that both E. coli and E. chrysanthemi are
Gram-negative bacteria that have pathogenic characteristics.
Asparaginase has the capability to function as a GLNase when derived from the majority
of prokaryotic and eukaryotic sources (Brown et al., 2008). This is problematic during the
treatment of ALL, as high concentrations of ASNase are injected into the body. This can lead to
a rapid reduction of L-glutamine as the KM of GLNase is much higher than of ASNase (Müller,
1998). The catalytic supported hydrolysis of GLNase also leads to a higher concentration of
glutamic acid (i.e. glutamate). These combining factors are problematic, as it disrupts the
glutamate-glutamine cycle balancing efficacy and can lead to overall cell toxicity (Schalk et al.,
2014). However, the reduction of glutamine has also shown the to reduce cancer growth as it is
an essential amino acid for the rapid proliferation of cancerous cells (Choi & Park, 2018).
Rhodococcus rhodochrous DAP 96253, which is non-pathogenic Gram-positive bacteria,
possibly produces several types of asparaginase when grown on inducing solid media and via
pre-pilot fed-batch fermentation. It is hypothesized that the novel nitrile hydratase contains
asparaginase-like activity and is of particular interest for the research and development of a
future therapeutic product.
1.3.2

Delayed Fruit Ripening Applications
The Yang Cycle outlines the currently accepted pathway of synthesis of ethylene by

climacteric fruits that leads to the distinct ripening properties seen in these plants. Increased
ethylene biosynthesis leads to softening, increased respiration, cell wall degradation, flavor and
aroma changes, and an increase of sugars and organic acids (Brady, 1987; Pierce et al., 2014;
Prasanna, Prabha, & Tharanathan, 2007; Yang & Hoffman, 1984). The control of fruit ripening
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in postharvest conditions is essential for the prevention of spoilage, a billion-dollar annual loss
worldwide, during transport and storage from the agricultural sources to the consumers (Liu,
Pirrello, Chervin, Roustan, & Bouzayen, 2015; Theologis, 1992). Current preventive methods
include decreasing the transportation time and inhibiting the ripening mechanism of fruit, with
the use of chemicals, during storage. While numerous advances in decreasing the transportation
time have been developed, the broader issues lie with the prevention of ripening, since
climacteric fruit continuously produce ethylene postharvest (Prasanna et al., 2007). Current
delayed fruit ripening techniques involved the use of toxic chemicals, such as formaldehyde, or
other preservatives which currently have a negative connotation to consumers (Barua, Rahi,
Ullah, Ghosh, & Ahmed, 2015). Therefore, there is a growing trend of research for the regulation
of ethylene production using non-hazardous volatiles produced by microorganisms and the use of
genetic manipulation (GMOs) on agricultural products.
Induced Rhodococcus rhodochrous DAP 96253 cells have shown to delay the ripening of
climacteric fruits such as peaches, bananas, and avocados during proximal conditions (Pierce et
al., 2011; Pierce et al., 2014). Several mechanisms have been proposed for the ability of R.
rhodochrous DAP 96253 to disrupt the Yang Cycle and therefore slow down the biosynthesis
and accumulation of ethylene. Based on the Yang Cycle model, ethylene is produced by the
oxidation of its precursor 1-aminocyclopropane-1-carboxylic acid (ACC) via ACC oxidase. In
addition to the production of ethylene, both hydrogen cyanide and carbon dioxide are produced.
(Pierce et al., 2014; Prasanna et al., 2007; Van de Poel et al., 2012). Rhodococcus rhodochrous
DAP 96253, in addition to DAP 96622, grown on specific mediums expresses nitrile hydratase,
amidase, cyanidase, and ACC deaminase; which interact with the ethylene biosynthesis by
breaking down ACC or ethylene byproducts (Figure 1.6). Additionally, R. rhodochrous DAP
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96253/96622 produces the monooxygenase known as 1-HMO which has the ability to catalyze
the insertion of a single oxygen into an organic substrate. It is hypothesized that 1-HMO is
capable of converting ethylene into its corresponding epoxide by utilizing a pyridine nucleotide
cofactor (Pierce et al., 2014).

Figure 1.6: Rhodococcus rhodochrous Enzymes and the Yang Cycle
Adapted from: (Pierce et al., 2014; Yang & Hoffman, 1984)

1.3.3

Antifungal Applications
Due to the monocultural trend of modern-day crops, the impact of agricultural molds has

intensified and is causing substantial harvest loss which subsequently leads to a higher
prevalence of malnourished communities (Matson, 1997). Antifungal research utilizing
Rhodococcus rhodochrous DAP 96253 originated with the biological treatment of
Pseudogymnoascus destructans (Cornelison et al., 2014). It has since been expanded towards
controlling microbial agricultural pathogens such as Botrytis cinerea, Aspergillus flavus,
Aspergillus niger, Fusarium oxysporum, and Rhizopus.
Botrytis cinerea is an easily proliferated plant pathogen which damages the tissue of
hundreds of crops; including strawberries, grapes, lettuce, and broccoli (Elad, Williamson,
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Tudzynski, & Delen, 2007). Phytopathogenic A. niger strains can produce a mycotoxin which
can cause detrimental health effects when infected agricultural products are consumed (Abarca,
Bragulat, Castellá, & Cabañes, 1994; Elad et al., 2007). Within the same genus, A. flavus is a
grain pathogen which produces metabolite toxins, such as aflatoxin, which can lead to numerous
human diseases such as hepatitis (Klich & Pitt, 1988). An abundance of fungal diseases such as
crown rot (Fusarium spp.) and cigar-end rot disease (Verticillium theobromae) which readily
proliferate during transport and storage are associated with bananas (Cooke, Persley, House, &
Queensland, 2009; Knight, 1982).
The management and control of these agricultural fungal diseases are a significant
problem as the current use of chemical fungicides is shunned by consumers and diverting from
the current monocultural trends is not plausible. Therefore, the use of biological agents in a
contact-independent setting is becoming more marketable. Previous research utilizing
immobilized Rhodococcus rhodochrous DAP 96253 with edible fruit wax has exhibited fungal
control with peaches and strawberries. Additionally, whole-cell contact-independent shared
headspace with cultures of A. flavus, A. niger, B. cinerea, and Rhizopus spp. showed fungicidal
and fungistatic properties, in addition to the prevention of sporulation of some species
(unpublished data). The mechanisms of the contact-independent antagonistic nature toward fungi
by induced cells of R. rhodochrous DAP 96253 is mostly unknown. However, correlations
between its delayed fruit ripening properties and fungal antagonistic properties can be speculated
upon. Furthermore, large-scale application and consistency in activity need to be refined for
future practical use.
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1.4

Fermentation
The pre-pilot fed-batch fermentation of induced cells of Rhodococcus rhodochrous DAP

96253 is necessary for the production of large quantities of enzymatic active biomass, which can
be utilized for the commercialization of therapeutic and agricultural applications. The successful
production of large quantities of enzymatic active biomass relies on several key conditions that
are grouped into five components: Stock, Culture, Inoculum, Fermentation, and Downstream
Processes (Figure 1.7). Each component of the production line is critical towards the successful
commercialization of the therapeutic and agricultural application and will rely on the approach to
optimization of each component and its associated conditions. The pre-pilot fed-batch
fermentation of induced cells has the largest amount of conditions that need to be taken into
consideration, such as pH, dissolved oxygen (DO), temperature, agitation, airflow, feed profile,
and multiple substrates to maintain optimal conditions within in the bioreactor.

Figure 1.7. Experimental Design Overview
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1.5

Objectives

1.5.1

Major Aim

A. To determine and further characterize the optimal process method for select
Rhodococcus rhodochrous DAP 96253 sub-strains in correlation to biomass yield.
Variability among Rhodococcus rhodochrous DAP 96253 sub-strains requires consistent
refinement of optimal process methods for increased biomass yield and cell viability when
exposed to metabolic growth-inhibiting inducers such as Co2+. The determination and approach
to optimization of these process methods will enable increased titer and highly active enzyme
yield through seed flask and fed-batch fermentation.
B. The approach to optimization and improvement of potential therapeutic enzymes
produced by Rhodococcus rhodochrous DAP 96253 during fermentation.
The utilization of Co2+ and urea, in conjunction with select carbohydrates, within the
growth medium will allow for the biosynthesis and increased activity potential of key therapeutic
enzymes such as nitrile hydratase (with asparaginase-like activity), asparaginase, and
glutaminase. The manipulation of varied Co2+ concentrations in the induced media and the
determination of optimal time-dependent harvests will have a significant effect on the output of
therapeutic enzymes during pre-pilot fed-batch fermentation.
1.5.2

Minor Aim

A. The approach to optimization and improvement of Rhodococcus rhodochrous DAP
96253 post-harvest agricultural applications.
The utilization of Rhodococcus rhodochrous DAP 96253 whole-cell fermentation paste
and corresponding CFL, as a delayed fruit ripening or antifungal catalyst product, will be
dependent on contact-independent methodology and downstream purification methods. The
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acquirement of purified monooxygenases, such as 1-HMO, from 20L fermentation runs, will
allow for large-scale multi-day delayed fruit ripening treatments. The use of immobilizing R.
rhodochrous in fruit wax will increase the stabilization of critical antifungal catalysts. This
prolonged treatment will allow for an extended shelf-life of fruits (bananas, strawberries,
peaches) during the post-harvest transport to the consumer.
2
2.1

METHODS

Culture Acquisition
Rhodococcus rhodochrous DAP 96253 was initially derived from Rhodococcus sp. strain

ATCC 55899. Several generations of the cell line have been produced throughout the years and
were utilized for this research (Table 1). Rhodococcus rhodochrous DAP 96622 was derived
from Rhodococcus rhodochrous DAP 96622 ATCC 55898 (United States Patent No. 5,863,750,
1999).
Table 2.1: Variations of Rhodococcus rhodochrous DAP 96253 stocks.
Strain
DAP 96253

ID
MC 1

Source
New Stock
08/12/19

Notes
Isolated from slant tube containing glucose,
urea, and cobalt. C6 – KC (MC 12)

DAP 96253

MC 2

New Stock
08/12/19

R. rhodochrous cells immobilized with
calcium alginate from a GUCo fermentation
run. Stored at 4°C.

DAP 96253

MC 3

New Stock
08/12/19

R. rhodochrous cells, previously grown with
glucose and urea, stored at -20° with PBS for
stability study.

DAP 96253

MC 4

New Stock
08/12/19

R. rhodochrous cells, previously grown with
glucose and urea, stored at -20° with H2O for
stability study.

DAP 96253

MC 5

New Stock
08/12/19

3.4gm cell paste stored at 4°C from a GUCo
fermentation run.
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DAP 96253

MC 6

New Stock
08/12/19

6.7gm cell paste stored at 4°C from a GUCo
fermentation run.

DAP 96253

MC 7

4th – MDLC
10/14/16

Derived from previous stock: Rr 96253 JR/NV
06/15/16

DAP 96253

MC 8

4th – KC
10/14/16

Derived from previous stock: Rr 96253 JR/NV
06/15/16

DAP 96253

MC 9

A+ – KC
02/02/17

Derived from previous fermentation paste: Rr
96253 KC 04/08/16

DAP 96253

MC 10

3rd Pass – WJ
11/01/17

Derived from previous stock: Rr 96253 WJ 2nd
Pass 10/1/13

DAP 96253

MC 11

4th Pass – WJ
02/01/18

Derived from previous stock: Rr WJ 3rd Pass
11/01/17

DAP 96253

MC 12

C6 – KC
04/27/18

Created by Kelly Cannon. Utilized UV to
stimulate random point mutations.

DAP 96253

MC 13

5th Pass – WJ
05/26/18

Derived from previous stock: Rr WJ 4th Pass
02/01/18

DAP 96253

MC 14

C6 DF3 – MDLC
08/10/18

Derived from serial dilution plates of Rr C6 –
KC 04/27/18

DAP 96253

MC 15

C6 DF0 – MDLC
08/10/18

Derived from serial dilution plates of Rr C6 –
KC 04/27/18

DAP 96253

MC 16

C6 DF0 – 1st Pass
03/26/19

Derived from previous stock: Rr C6 DF0 –
MDLC 08/10/18

DAP 96253

MC 17

CG – GUCoAsn
08/01/19

Derived from mR3A seed with glucose, urea,
cobalt, and asparagine.

DAP 96622

MC 18

WJ – 3rd Pass
2016

Derived from previous stock: Rr WJ 2nd Pass

19

2.2

Stock Preparation
A clean 250mL flask was filled with 100mL of ddH2O. While stirring, 0.8gm of Nutrient

Broth, BD DifcoTM (#23400) was added and autoclaved at 121°C for 30 minutes. Following the
cooling of the nutrient broth (NB) to room temperature, the media was inoculated appropriately.
The culture was incubated at 30°C at 225 rotations per minute (RPM) in a G-25KC New
Brunswick Scientific Gyratory Shaker (Edison, NJ) for two days. A sterile 60% stock solution of
glycerol was prepared using 100% Glycerol, Fisher Chemical (#G33-4), and DI water. Stocks
were created by the addition of 500µL of culture and 500µL of glycerol stock solution into a
2mL Nalgene Cryoware Cryogenic Vial (#5000-0020) resulting in a solution that was 30% v/v
glycerol. The 30% glycerol stock culture was flash-frozen in liquid nitrogen for five minutes
using a Taylor Wharton Cryogenic Storage Dewar (35 VHC). Following the flash-freeze process,
the newly formed bacterial stocks were stored at -80°C until future use in an Isotemp (Fisher
Scientific, Hampton, NH) low-temperature freezer.
2.3
2.3.1

Fermentation Media
Nutrient Broth and 1X mR3A Seed
Rhodococcus rhodochrous strain DAP 96253 or DAP 96622 stored at -80°C in 1mL

glycerol stocks were transferred to 100mL of NB and incubated at 30°C at 225 RPM in a
gyratory shaker for two days at which time the entire content was transferred to a 2L modified
animal protein-free R3A medium seed (mR3A) based on Reasoner and Geldreich (Reasoner &
Geldreich, 1985). Modifications include the addition of Urea, Fisher Chemical (#U15-3), and
Cobalt (II) Chloride Hexahydrate, Sigma-Aldrich (#255599-500G) at varying concentrations
determined by experiment parameters. Additionally, the animal protein sources, such as proteose
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peptone and casamino acids, were replaced with Proyield Cotton Friesland Campina
(#2497813) on an equivalent basis (Appendix A).
The inoculated 2L 1X mR3A seed was incubated at 30°C at 225 RPM in a gyratory
shaker for four days unless otherwise noted. All media was autoclaved for 30min at 121°C, with
the exception of Dextrose (D-Glucose) Anhydrous, Fisher Chemical (#D16-3), Sodium Pyruvate,
Sigma-Aldrich (#P2256), and urea; these temperature-sensitive materials were filter sterilized
using a 250mL 0.2µm Thermo ScientificTM NalgeneTM Rapid-FlowTM Sterile Disposable CN
Membrane (Waltham, MA) filter. Following four days of growth, the 1X mR3A seed culture was
transferred to a sterilized 2L bottle, which was then aseptically connected to the reactor.
2.3.2

5X mR3A Batch and YEC Feed Medium
A 5X mR3A batch medium was created to facilitate nutrient feeding without an excess

increase in fermentation volume. The batch medium was prepared in a clean 2L bottle by the
addition of the autoclavable ingredients into 1500mL of ddH2O (Appendix B). The medium was
autoclaved for 30min at 121°C, except for dextrose, sodium pyruvate, and urea which were
dissolved separately into a final volume of 500mL and filtered using the Masterflex® (ColeParmer, Vernon Hills, IL) peristaltic pump and a 0.2µm Sartopore® Capsule (Sartorius Stedim,
Göttingen, Germany) filter.
Two variations of the Yeast-Extract-Cottonseed-Feed-Medium (YECFM) were utilized
for fed-batch feeding. The primary and most utilized setup consisted of using a single 10L bottle,
containing 8L of feed (Appendix C). The secondary setup split the feed medium into two 5L
bottles, each containing 4L of the feed. As with the mR3A batch, the medium was autoclaved for
30min at 121°C, except for the dextrose and urea, which were filtered using the peristaltic pump
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and Sartopore® filter. Both the 5X mR3A batch and YECFM were created one day before
fermentation.
2.3.3

pH Adjustment and Anti-foaming
To maintain a stable pH, a 2N NaOH, Sigma-Aldrich (#S8045), and 1N HCl, Fisher

Scientific (#A114SI) solutions were created at the final volumes of 1.5L and 3L respectively. In
2019 the 1N HCl was replaced with 1N H2SO4, Sigma-Aldrich (#339741). Additionally, 800mL
of Antifoam 204®, Sigma-Aldrich (#A6426) at 20% by volume, was prepared for foam control.
2.4

Fermentation
Fermentation runs conducted with either R. rhodochrous strain DAP 96253 or DAP

96622 were performed in a sterilizable in place (SIP) 20L stainless steel BioStat® C (Sartorius
Stedim, Göttingen, Germany) stirred-tank reactor (STR).
2.4.1

Pre-Fermentation
The nutrient broth was inoculated with R. rhodochrous glycerol stock six days before

fermentation and incubated for two days. Following incubation, the entire 100mL of the culture
was transferred to the 1X mR3A seed and grown for an additional four days. The 5X mR3A
batch and YECFM were prepared one day before the fermentation run, in addition to the
corrective solutions. Bottle tops, each containing a Midistart® 2000 (Sartorius Stedim, Göttingen,
Germany) filter, were assembled one day before the fermentation run and autoclaved on the dry
cycle in Duo-Check® (Crosstex International, Little Falls, NJ) self-sealing sterilization pouches.
Six feet of Masterflex® tubing C-flex tubing 1/8” x 1⁄4” (Cole-Parmer, Vernon Hills, IL) was
attached to each 3-way addition port needle (bbi-biotech, Berlin, Germany) and sacova valve
standard port 3-way (bbi-biotech, Berlin, Germany) and were sterilized using self-sealing
sterilization pouches and attached to each media and corrective solution in the biosafety cabinet.
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2.4.2

Vessel Setup
The fermentation of R. rhodochrous was conducted utilizing the BioStat® C 20L

bioreactor. The bioreactor was equipped with factory temperature, airflow, and foam sensors in
addition to these attachable sensors: EasyFerm Plus K8 B120 (pH) (Hamilton, Reno, NV),
InPro® 6050 (Mettler Toledo, Columbus, OH) dissolved oxygen sensor (DO), Optek Fermenter
Control with a real-time optical density (OD) probe (Optek-Danulat, Germantown, WI). The pH
probe was calibrated to pH 7.0 and pH 4.01, using standard buffer solutions, before attaching it
to the vessel port. The DO probe was attached to the vessel port and connected to the controller
to maintain a consistent electrical current for optimal polarization of the probe.
The inlet air was set to “sterilization” mode and the Sartofluor® Junior (Sartorius Stedim,
Göttingen, Germany) inlet air filter and the Sartofluor® Mini (Sartorius Stedim, Göttingen,
Germany) outlet air filter was checked for integrity and replaced as needed. The vessel was filled
with 6.3L of ddH2O, and all remaining open side ports were sealed. The sacova valve standard
port 3-way was screwed into the top reserve port, while the remaining reserve ports were sealed
using the 19mm membrane (Sartorius Stedim, Göttingen, Germany), membrane holder, and blind
plug (bbi-biotech, Berlin, Germany). By restricting the outlet air, by disconnecting the quick
release, the pressure of the vessel was raised to 1 bar at room temperature for ten minutes to
verify the vessel is airtight; this allows for proper sterilization and prevents contamination due to
the negative pressure within the reactor during operation.
The vessel underwent a SIP protocol, which was set to 121°C for 45min by the use of
plant steam generated by the building boiler. The cooling valve of the condenser was closed to
allow for proper heating of the outlet air unit, and the sampling and collection ports were actively
steamed for 45 minutes using pharmaceutical grade steam from the Mueller Pure Steam
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Generator (Paul Mueller, Springfield, MO). Once the internal vessel temperature reached 121°C,
the 0% DO was calibrated for the sensor. Following 45min of sterilization, the temperature was
automatically set to 30°C, and the cooling valve of the condenser was reopened once the vessel
temperature reached 80°C. The inlet air was switched back over to the “fermentation” mode.
Once the vessel reached 30°C, the 3-way addition port needles were pierced through the
diaphragm on the top reserve ports and firmly hand tightened. The number of triport inlet
connector needles used will vary depending on the number of bottles of media utilized for each
fermentation run. The majority of the fermentation runs had the batch, feed, and base on the
triport inlet sacova valve, and the seed, acid, and antifoam on the triport inlet connector needle.
The YECFM, antifoam, base, and acid masterflex tubing were directly connected to their
respective peristaltic programmable pumps on the controller and primed to remove any air
bubbles within the line. The 5X mR3A batch was pumped into the reactor using a Cole-Parmer
peristaltic pump in a pulse-batch fashion. The pH was set to 7.0, and the DO probe was
calibrated to 100% before the inoculation. The 1x mR3A seed inoculum, containing the R.
rhodochrous cells, was pumped into the vessel with the Cole-Parmer peristaltic pump, and the
fermentation run was started on the Biopat® MFCS/WIN (Sartorius Stedim, Göttingen,
Germany).
2.4.3

Fermentation Parameters
Using the Biostat C controller, the temperature was maintained at 30°C and a pH of 7.0.

The pH was controlled by the incremental addition of the acid (HCl or H2SO4) and the base
(NaOH). The airflow was kept between 0.5 L/V min-1, utilizing filtered building air. Dissolved
oxygen (DO) was configured to maintain a dissolved oxygen concentration of ≥30% saturation
by the use of agitation running on a cascade control loop. Agitation was conducted by the
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rotation of Rushton turbines with a minimum value of 150rpm and a maximum value of 350rpm.
Supplemental air (gas mix) was added once the maximum stir rate was achieved by the use of
pure O2 to maintain optimal dissolved oxygen concentration. The R. rhodochrous cells were fedbatch the YECFM to stimulate growth and maintain metabolic activity. This was achieved by the
programming of a feed profile, which was adjusted depending on biomass, glucose
concentration, dissolved oxygen concentration, and enzyme activity. A 100% feed profile
indicated a fed-batch profile of 20mL/min of the YECFM. The Biopat® MFCS/WIN software
monitored the conditions of the fermentation run. It recorded real-time data of the elapsed
fermentation time (EFT), temperature, stir rate, dissolved oxygen, pH, airflow, and feed profile.
2.4.4

Sampling
Multiple 10mL sterile samples were taken from the bioreactor and utilized for external

analysis, such as morphology, optical density verification, and glucose concentration. Prior to
sampling, the port was sterilized, using pharmaceutical grade steam, thirty minutes beforehand,
to allow for the port to cool down and not damage the cells during collection. The collection of
the sample was conducted with the use of sterile 15mL FalconTM (ThermoFisher Scientific,
Waltham, MA) conical centrifuge tubes and was stored at 4°C until analysis. The sampling port
was sterilized following the collection of the sample to maintain sterility and avoid
contamination of the vessel.
2.4.5

External Analysis
External analysis of fermentation samples of Rhodococcus rhodochrous was necessary

due to the limitations of probes available. This external analysis included identification and
visualization of morphology, optical density verification utilizing a BioPhotometer, and
measuring the glucose concentration of supernatant.
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2.4.5.1 Morphology
Microscope slides were prepared for each sample to identify and visualize the
morphological characteristics of R. rhodochrous at specific elapsed fermentation timepoints.
Samples were smeared onto the microscope slide with an inoculation loop, heat fixated using a
Bunsen burner, and Gram-stained following the appropriate protocol. Stained samples were
visualized using the Axioskop Microscope (Carl Zeiss AG, Oberkochen, Germany) with the MD
300 (AmScope, Irvine, CA) attachment to allow for digital visualization of the samples. Images
were taken at 10x, 20x, 40x, and 100x.
2.4.5.2 Optical Density
Real-time optical density measurements within the reactor were measured by the Optek
Fermentor Control (Optek-Danulat, Germantown, WI) unit and accompanying probe. Each
sample was additionally tested for verification of optical density using the Eppendorf
BioPhotometer Plus® (Eppendorf, Hamburg, Germany). Due to the high density of cells in the
fermentation samples and absorbance limitation of the biophotometer, dilutions of 1:10, 1:100,
and 1:1000 were prepared and read at OD600.
2.4.5.3 Glucose
The measurement of glucose was conducted utilizing the YSI 2700 Select (Xylem, Rye
Brook, NY) glucose analyzer. Samples from the bioreactor were spun down at 5°C for 10min at
10,000rpm using the Avanti Centrifuge J-20 XP (Beckman Coulter, Brea, CA) and the resulting
supernatant was measured for glucose concentration. The YSI measured glucose concentration as
g/L.

26

2.4.6

Harvest
The harvest of the R. rhodochrous fermentation cells was correlated with the depletion of

nutrients, which was signified by the increase of the dissolved oxygen within the reactor and
glucose concentration of the samples. Elapsed fermentation times and volume of harvest were
additionally dependent on the experimental design and goal of each fermentation run. The
collection port of the vessel was sterilized with pharmaceutical-grade steam and allowed to cool
to room temperature before the cells were harvested by pumping the culture from the collection
port to the Carr Pilot Powerfuge® (Pneumatic Scale Angelus, Stow, OH) using the Cole-Parmer
peristaltic pump. The removable parts, such as the powerfuge bowl, were beforehand autoclaved
on the dry cycle in Duo-Check® (Crosstex International, Little Falls, NJ) self-sealing sterilization
pouches. The powerfuge spun at 12,000 RPM and was kept at 5°C using a NesLab CoolFlow
CFT-75 (ThermoFisher Scientific, Waltham, MA) recirculating chiller; the paste was collected
within the sterile powerfuge bowl, while the media was collected in 8L stainless steel buckets.
2.4.7

Storage
Cell paste was collected from the sterile powerfuge bowl and wrapped in aluminum foil

for the sterile transfer to the biosafety cabinet. Within the biosafety cabinet, cell paste was
aliquoted out into 50gm portions and stored in sterile 50mL FalconTM (ThermoFisher Scientific,
Waltham, MA) conical centrifuge tubes. The remaining cell paste was kept in aluminum foil and
stored in 4.4L polypropylene containers (Tupperware, Leominster, MA) at 4°C for long-term
storage.
2.5

Enzyme Assays
Enzyme assays on whole-cells and lysates of R. rhodochrous were conducted for nitrile

hydratase (NHase), asparaginase (ASNase), glutaminase (GLNase), and 1-hexene
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monooxygenase (1-HMO). Assays for NHase, ASNase, and GLNase utilizes the
spectrophotometric analysis of the ammonia byproduct of each reaction (Fawcett & Scott, 1960;
Ganguly, 2007). The activity of 1-HMO was determined by utilizing the NBP assay in
conjunction with spectrophotometric analysis. (Cheung, McCarl, Holmes, Coleman, & Rutledge,
2013; McClay, Fox, & Steffan, 2000). All enzyme assays were conducted in 50mM phosphate
buffer (PB) at pH 7.6 and as triplicates, unless otherwise stated.
2.5.1

Cell Lysis
Cell lysis was conducted with 5gm of whole-cells of R. rhodochrous, which was

suspended in 5mL of PB with 5mM of 2-mercaptoethanol supplementation. The cell suspension
was vortexed, using the Vortex Genie 2 (Avantor, Radnor, PA) until complete homogenization
and sonicated on ice to maintain enzyme integrity. Sonication was conducted with a 550 Sonic
Dismembrator (Fisher Scientific, Hampton, NH), containing a CL4 Ultrasonic Convertor
(Misonix, Farmingdale, NY) and a ½” diameter tip. The sonication was achieved in 20min
employing a 1 second and 1 second off cycle. Following sonication, the lysed cells were
centrifuged for 30min at 4°C at 13,000rpm using the Avanti Centrifuge J-25 (Beckman Coulter,
Brea, CA) with the JA-25.50 rotor. The resulting supernatant was recovered, and the process was
repeated two more times in order to collect the cell-free lysate (CFL).
2.5.2

NHase
For the determination of NHase activity, 1µL of the CFL was suspended in 999µL of

1000 parts per million (ppm) of Acrylonitrile +99%, ACROS Organics (#AC149631000). The
mixture was mixed for two minutes and terminated with 10µL of 4N H2SO4 and neutralized with
10µL of 4N NaOH. Following the neutralization, 10µL of Amidase from Pseudomonas
aeruginosa, Sigma-Aldrich (#A6691) was added to the reaction and incubated for 30min at
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37°C. The ammonium concentration was determined by the addition of 2mL 2.5% sodium
phenate, 3mL 0.01% sodium nitroprusside, and 0.15% sodium hypochlorite; these colorimetric
reagents were added to a glass test tube containing 1mL of the previously incubated NHase
samples. Additionally, an ammonium standard was created utilizing the same concentrations of
colorimetric reagents and 1mL of ammonium standard ranging from 0ppm to 20ppm. The glass
test tubes were vortexed for 30sec and incubated in the dark at room temperature (RT) for 30min
before transferring 200µL of each sample to the Evergreen Scientific Polystyrene 96-Well
Microplate (Caplugs, Buffalo, NY) in triplicates. The absorbance was measured using a
Multilabel Counter Victor3V (PerkinElmer, Waltham, MA) plate reader at 630nm using
established protocol (Sanchez-Castelblanco, 2019).
2.5.3

ASNase and GLNase
For the determination of ASNase activity, 100µL of the CFL was suspended in 900µL of

100 ppm of L-asparagine ≥98%, Sigma-Aldrich (#A0884). GLNase activity was measured by
utilizing 100µL of the CFL and suspending it in 900µL of 100 ppm of L-glutamine ≥99%,
Sigma-Aldrich (#G3126). Each mixture was mixed for two minutes and terminated with 10µL of
4N H2SO4 and neutralized with 10µL of 4N NaOH. The ammonium concentration was
determined and measured following the NHase protocol (See 2.5.2)
2.5.4

1-HMO
To determine the 1-HMO activity of R. rhodochrous, 5mL cell suspension containing

100mg of whole-cells in 50mM pH 7.0 phosphate buffer saline (PBS) was transferred to a 40mL
amber glass vial. Additionally, a concentration of 200µmol of 1-Hexene 97%, Sigma-Aldrich
(#230545), was added to the 40mL amber glass vial. In a 4mL transparent glass vial, 500µL 4-
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(4-Nitrobenzyl) pyridine (NBP), Sigma-Aldrich (#N14204) solution at 100mmol/L in Ethylene
glycol, Sigma-Aldrich (#102466) was added and placed within the 40mL amber glass vial. The
40mL amber glass vial was crimp-sealed with a Teflon-faced butyl rubber stopper. Duplicate
controls, containing only 5mL of PBS in the 40mL amber glass vial were created. In the case of
the lysate, 1-3µL of CFL was added to create a 5mL final volume cell suspension. The sealed
vials were incubated at 30°C for 24hrs, shaking at 150rpm in a New Brunswick Scientific
Gyratory Shaker (Edison, NJ). Following 24hrs, 500µL of Triethylamine, TCI (#T0424) solution
(1:1 v/v) in Acetone, Fisher Chemical (#A949-4) was added to a 1mL Cuvette (Fisher Scientific,
Hampton, NH). The amber vials were unsealed, and 500µL of the NBP solution was transferred
to the 1mL cuvette, initiating an instant colorimetric reaction. The colorimetric reaction was
instantly read at 600nm by the use of a BioPhotometer Plus® (Eppendorf, Hamburg, Germany).
A standard of 1,2-epoxyhexane was adapted from previous work (Barlament, 2016; Belshazzar,
2017; Jiang, 2016). 1-HMO was calculated as units (nmol of 1,2-epoxyhexane · hour)/ μg protein
unless otherwise stated. Purification of 1-HMO was conducted following previously published
methods (Belshazzar, 2017).
2.5.5 Protein Quantification
Protein quantification of CFL was conducted using the bicinchoninic acid assay (BCA),
utilizing the Pierce™ BCA™ Protein Assay Kit, Thermo Fisher Scientific (#23250).
Visualization of CFL (10ng) was achieved using NuPAGETM 4-12% Bis-Tris Protein Gels,
1.0mm, 15-well, Thermo Fisher Scientific (#NP0323) and run for 45min at 200 volts.
2.6

Growth Study
Growth studies of R. rhodochrous strain DAP 96253 and DAP 96622 were conducted to

measure the growth of the bacteria when introduced to specific mediums and inducing

30

conditions. Cells were analyzed for morphology (Sec: 2.4.5.1), optical density (Sec: 2.4.5.2), and
glucose concentrations (Sec: 2.4.5.3) of the medium daily. All growth studies were conducted in
duplicates or triplicates.
2.6.1

NB Growth Study
A 100mL NB was inoculated with a 1mL 30% glycerol stock, previously stored at -80°C,

of R. rhodochrous and incubated at 30°C for four days while shaking at 225rpm in a New
Brunswick Scientific Gyratory Shaker (Edison, NJ). The optical density was measured at 600nm
daily.
2.6.2

mR3A Growth Study
The 1mL 30% glycerol stock of R. rhodochrous was transferred to a sterile 100mL NB

and incubated at 30°C for two days while shaking at 225rpm in a New Brunswick Scientific
Gyratory Shaker (Edison, NJ). A 1X mR3A seed was prepared at final volumes of 500mL,
1000mL, or 2000mL, depending on the experimental design (Appendix A). The final
concentration of the inducer cobalt (II) chloride hexahydrate was also dependent on the
experimental design of each growth study. A 5% inoculation size was aseptically transferred
from the incubating NB to the 1X mR3A, and the culture was incubated at 30°C between four to
seven days while shaking at 225rpm in the gyratory shaker. Cells were analyzed for morphology,
optical density, and glucose concentrations of the medium daily. Following the conclusion of the
growth study, the 1X mR3A culture was spun down for 30min at 4°C at 13,000rpm using the
Avanti Centrifuge J-25 (Beckman Coulter, Brea, CA) and enzyme assays were conducted (Sec:
2.5).
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2.7

Cobalt Concentration Study
Cobalt concentration studies were conducted to understand the effects of the metal ion on

the production of specific enzymes, such as NHase, ASNase, and GLNase. All studies utilized a
100mL NB, which was inoculated with a 30% 1mL glycerol stock of R. rhodochrous and
incubated for two days at 30°C while shaking at 225rpm in a New Brunswick Scientific Gyratory
Shaker (Edison, NJ). The cobalt concentration study utilized the 1X mR3A as the primary
growth medium (Appendix A) and a gradient of cobalt (II) chloride hexahydrate as the inducer
for enzyme activity. This gradient ranged from 0 ppm to 300 ppm of cobalt (II) chloride
hexahydrate (0 - 75 ppm Co2+). The 1X mR3A cultures were incubated at 30°C for five days
while shaking at 225rpm in the gyratory shaker. The visualization of morphological
characteristics (Sec: 2.4.5.1) and optical density (Sec: 2.4.5.2) was taken daily. Following the
conclusion of the growth study, the 1X mR3A culture was spun down for 30min at 4°C at
13,000rpm using the Avanti Centrifuge J-25 (Beckman Coulter, Brea, CA) and enzyme assays
for NHase, ASNase, and GLNase were conducted (Sec: 2.5).
Similar studies were conducted with iron and asparagine as primary inducers for R.
rhodochrous, instead of cobalt. These studies utilized the same protocol, as seen above.
2.8

Cobalt Growth Inhibition Study
Cobalt growth inhibition studies were conducted to understand the effects of the metal

ion on the growth of R. rhodochrous. All studies utilized a 100mL NB, which was inoculated
with a 30% 1mL glycerol stock of R. rhodochrous and incubated for two days at 30°C while
shaking at 225rpm in a New Brunswick Scientific Gyratory Shaker (Edison, NJ). A 500mL 1X
(Appendix A), with a cobalt gradient, was established containing 0, 5, 10, 20, 30, 40, 50, and 75
ppm of Co2+. The dextrose, sodium pyruvate, and urea mixture were filtered after the autoclave
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process. The 500mL culture was incubated for five days at 30°C while shaking at 225rpm in a
gyratory shaker. The visualization of morphological characteristics (Sec: 2.4.5.1) and optical
density (Sec: 2.4.5.2) was taken twice daily.
2.9

Delayed Fruit Ripening Study
Whole-cells of R. rhodochrous and purified 1-HMO were utilized for contact-

independent delayed fruit ripening experiments involving bananas. Delayed fruit ripening
experiments were set up by obtaining 5-6 bunches of organic bananas, containing six to eight
fingers (Chiquita or Dole) from either Costco Wholesale or Publix Supermarkets. The tips of
each banana finger were wiped down with Alcohol Prep Pads (PDI, Woodcliff Lake, NJ) and
dipped in warm Gulf Wax (Royal Oak Enterprises, Roswell, GA) to prevent fungal growth. Each
4.4L polypropylene container (Tupperware, Leominster, MA) received four individual banana
fingers, each from a different hand to ensure diversity. During whole-cell setups, 3gm and 5gm
of induced R. rhodochrous cells, derived from fermentation runs, were added to the containers in
a 15mm FisherbrandTM Petri Dishes (Fisher Scientific, Hampton, NH) in an independent-contact
setup. The purified 1-HMO setups utilized 1000µL (in 15mm dish) of the 0.25M and 0.50M
fraction, which consistently had the highest activity of the enzyme. The control only contained
four individual banana fingers. Banana setups were monitored for fourteen days, with periodical
volatile analysis and digital visualization.
2.9.1

GC-MS
Volatiles were analyzed using the 7980A Gas-Chromatography and 5977A Mass

Spectroscopy (Agilent Technologies, Santa Clara, CA) on days 1, 3, 5, 7, and 11 of the delayed
fruit ripening setups. The gasses were absorbed at room temperature for 30min by the insertion
of the SPME Carboxen-PDMS (Agilent Technologies, Santa Clara, CA) fiber into the 4.4L
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polypropylene container containing the fruits and the R. rhodochrous treatment. The GC-MS
parameters were as follows: Inlet and detector set to 250°C and 230°C respectively, a carrier
flow rate of 1.1 ml/min, and an oven gradient of 40°C for 1min, 10°C /min climb up to 220°C
and a 5min hold at 220°C. The volatile compounds were identified using the NIST11 (National
Institute of Standards and Technology, Washington, D.C.) database and structurally visualized
with ChemDraw v. 16.0 (PerkinElmer, Waltham, MA).
2.10 Antifungal Study
Immobilized and whole-cells of Rhodococcus rhodochrous, previously grown in inducing
conditions, were utilized for the contact-independent antifungal experiments involving
strawberries and peaches. Digital photographs were taken periodical to visualize fungal growth
and were analyzed using the GNU Image Manipulation Program (GIMP, Online Software).
2.10.1 Strawberries
Strawberries (Driscoll’s) were purchased from Publix Supermarkets in 1lb PET
clamshells and inspected for consistent quality. The strawberry clamshells were washed with a
0.05% sodium hypochlorite solution and air-dried at room temperature. Cardboard boxes were
constructed to hold two 1lb PET clamshells. A cardboard insert was constructed to fit inside
previously made cardboard boxes and was sprayed with LUSTR™ (Decco, Monrovia, CA)
edible fruit wax. Treated carboards sprayed with a 25% Rhodococcus mixture (5gm R.
rhodochrous + 15mL LUSTR™) and controls were sprayed with 20mL of LUSTR™ using a
200TM Air Brush (Badger Air Brush Co., Franklin Park, IL). Cardboard inserts were air-dried at
room temperature for six hours before inserting into boxes. Cardboard boxes with insert and
strawberry clamshells were stored at room temperature and 4°C for up to 14 days.
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2.10.2 Peaches
Peaches were obtained from Publix Supermarkets or the local farmers market. Publix
Supermarkets peaches were imported from California under the Tree-Ripe PeachesTM brand,
while local farmers market peaches were grown locally in the state of Georgia, USA. The
peaches were not washed, in an effort to maintain the environmental flora found on the skin.
Slices, approximately 10mm thick, were cut and placed in a 100mm FisherbrandTM Petri Dishes
(Fisher Scientific, Hampton, NH). Rhodococcus rhodochrous whole-cells, which were induced
with cobalt (II) chloride hexahydrate, were stored in 25 mm Petri dishes and setup as co-cultures
with the peach slices. The 100 mm Petri plate was wrapped with Parafilm® Sealing Film (Bemis
Company, Neenah, WI) and stored at room temperature for fifteen days.
3
3.1

RESULTS

Growth Studies of Rhodococcus rhodochrous DAP 96253
Comparison of biomass, represented by cell dry weight (CDW), and optical density

(OD600) showed a coefficient of determination (R2) of 0.9974 based on a linear trend line over a
five-day elapsed incubation period (Figure 3.1). Rhodococcus rhodochrous MC 1 primarily
showed morphological rod characteristics, with occasional cocci cells for both day two and day
five of elapsed incubation time. Day two and day five showed a significant difference in turbidity
and phenotypical coloring, going from a typical orange to a bright orange-pink tone (Figure 3.2).
This orange-pink tone was most notable when cells were pelleted.
3.1.1

Nutrient Broth Growth Study of R. rhodochrous
Rhodococcus rhodochrous DAP 96253 MC 1,2,3,4,5,6,7,10,12,13,15,17 and R.

rhodochrous DAP 96622 MC 18 when grown for four days in 100mL nutrient broth (NB)
medium in a 250mL flask exhibit a mid-log phase, in correlation to optical density (OD600),
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Figure 3.1: Biomass (CDW) vs. Optical Density of R. rhodochrous MC 1 in NB
CDW = Cell Dry Weight. OD = Optical Density. R2 = Coefficient of Determination. 5-Day EIT.

Figure 3.2: Morphological and phenotypical characteristics of R. rhodochrous MC 1
A = 100x Day 2, Gram-stained. B =100x Day 5, Gram-strained. C = Day 2 NB. D = Day 5 NB.
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following twenty-four hours of elapsed incubation time (EIT) (Figure 3.3). The average optical
density measurements of R. rhodochrous DAP 96253 following twenty-four hours of elapsed
incubation time were 3.26, with an average standard deviation of 0.48. In comparison, the
average optical density following approximately 100 hours of elapsed incubation time was 7.79,
with an average standard deviation of 0.72. This trend excludes R. rhodochrous DAP 96622 MC
18, as the OD600 was stagnant during the first 24 hours and recovered to similar turbidity, in
relation to DAP 96253, following 60 hours of elapsed incubation time (Table 3.1).

Table 3.1: Average OD600 of R. rhodochrous grown in NB.
OD = Optical Density; EIT: Elapsed Incubation Time

OD600

EIT: 0hrs

EIT: 24hrs

EIT: ~100hrs

R. rhodochrous 96253 MC 1
R. rhodochrous 96253 MC 2
R. rhodochrous 96253 MC 3
R. rhodochrous 96253 MC 4
R. rhodochrous 96253 MC 5
R. rhodochrous 96253 MC 6
R. rhodochrous 96253 MC 7
R. rhodochrous 96253 MC 10
R. rhodochrous 96253 MC 12
R. rhodochrous 96253 MC 13
R. rhodochrous 96253 MC 15
R. rhodochrous 96253 MC 17
R. rhodochrous 96622 MC 18

0.21 ± 0.14
0.14 ± 0.05
0.19 ± 0.06
0.27 ± 0.22
0.53 ± 0.49
0.11 ± 0.02
0.06 ± 0.05
0.06 ± 0.05
0.06 ± 0.05
0.07 ± 0.03
0.06 ± 0.05
0.09 ± 0.04
0.06 ± 0.05

3.55 ± 0.77
2.64 ± 0.18
2.50 ± 0.20
2.95 ± 0.52
2.22 ± 0.17
3.14 ± 0.51
3.45 ± 0.60
2.91 ± 0.18
3.93 ± 0.37
3.57 ± 0.68
3.60 ± 0.70
4.68 ± 0.92
1.81 ± 0.35

8.43 ± 0.63
7.98 ± 0.36
7.45 ± 1.03
7.50 ± 0.35
7.77 ± 0.91
8.00 ± 0.65
8.12 ± 1.08
7.51 ± 0.21
9.02 ± 1.19
8.14 ± 0.77
7.18 ± 0.38
6.40 ± 1.11
7.01 ± 0.44

3.1.2

R. rhodochrous Seed (mR3A) Growth Study
Rhodococcus rhodochrous DAP 96253 MC 1,2,3,4,5,6,9,11,16 and R. rhodochrous DAP

96622 MC 18 when grown for seven days in seed (mR3A) medium, containing 50ppm of cobalt
(II) chloride hexahydrate (noted as GUCo), exhibit a typical growth curve at OD600.
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Figure 3.3: Average OD600 measurements of various R. rhodochrous MC grown in NB

Polynomial trend line w/ “2” order. Error bars represent average standard deviation of replicated samples.
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Rhodococcus rhodochrous MC 9,11,16,18 show growth curves for of an inoculated 2L seed
(mR3A) medium, while R. rhodochrous MC 1,2,3,4,5,6 show growth curves for an inoculated
1L seed (mR3A) medium. Red boxes indicate the general timepoint when seeds (mR3A) are
transferred to the bioreactor to initiate the fermentation run (Figure 3.4). A correlation between
optical density (OD600) and glucose concentration ([G]) of the medium can be extrapolated when
comparing the two measurements during the R. rhodochrous MC 9 and R. rhodochrous MC
9,11,18 GUCo seed (mR3A) medium growth studies. An intersection point between the optical
density and glucose concentration can be seen after two days EIT, and glucose depletion within
the 2L medium occurs shortly after four days of elapsed incubation time (Figure 3.5, 3.6).
Rhodococcus rhodochrous 96253 MC 16 showed several pleomorphic morphological
characteristics. Following day one and four of elapsed incubation time, the R. rhodochrous
96253 MC 16 sample had both cocci (blue box) and rod (green box) morphological cells. The
cells became primarily elongated rods or filamentous (yellow box) by the seventh day of
incubation (Figure 3.7). Detailed scanning selectron microscope (SEM) images of R.
rhodochrous 96253 MC 11 highligted the pelomorphic properties of the bacterium (Figure 3.8,
3.9, 3.10).
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Figure 3.4: Average OD600 measurements of various R. rhodochrous MC grown in mR3A

GUCo = Glucose, Urea, Cobalt (50ppm). Red boxes indicate the general timepoint of seed (mR3A) transfer into bioreactor.
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Figure 3.5: R. rhodochrous MC 9 GU Seed (mR3A) Growth vs. Glucose Study
GU = Glucose, Urea.

Figure 3.6: R. rhodochrous MC 9,11,8 GUCo Seed (mR3A) Growth vs. Glucose Study
GUCo = Glucose, Urea, Cobalt (50ppm). OD = Optical Density. [G] = Glucose Concentration.
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Figure 3.7: Morphological characteristics of R. rhodochrous MC 16 in mR3A
Blue Box = Cocci. Green Box = Rods. Yellow Box = Elongated Rods / Filamentous

Figure 3.8: SEM Image (69.9 kx) of R. rhodochrous MC 11 in mR3A (Day 3 EIT)

SEM = Scanning Electron Microscope. Pseudocolor matches natural pigmentation. Photo Credit: Dr. J. Neville
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Figure 3.9: SEM Image (189 kx) of R. rhodochrous MC 11 in mR3A (Day 3 EIT)

SEM = Scanning Electron Microscope. Pseudocolor matches natural pigmentation. Photo Credit: Dr. J. Neville
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Figure 3.10: SEM Image (59.2 kx) of R. rhodochrous MC 11 in mR3A (Day 4 EIT)
SEM = Scanning Electron Microscope. Photo Credit: Dr. J. Neville
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3.1.3

R. rhodochrous Seed (mR3A) Growth Study w/ Co2+ Concentrations
Rhodococcus rhodochrous DAP 96253 MC 6 grown with 0ppm, 5ppm, 10ppm, 20ppm,

and 30ppm of Co2+ [0ppm, 20ppm, 40ppm, 80ppm, and 120ppm Co(II)Cl2·6H2O] in a 1L seed
(mR3A) medium showed similar optical density (OD600) throughout the first four days of EIT.
The cells that were grown in 40ppm, 50ppm, and 75ppm of Co2+ [160ppm, 200ppm, and
300ppm Co(II)Cl2·6H2O] initially lagged in optical density; however, they recovered over the
seven-day incubation period. Optical density measurements of the seeds fluctuated more
significantly after four days of incubation. Trendlines were standardized based on the 0ppm
control. Red boxes indicate the general timepoint when seeds (mR3A) are transferred to the
bioreactor to initiate the fermentation run (Figure 3.11). Rhodococcus rhodochrous 96253 MC 6
showed several pleomorphic morphological characteristics for all Co2+ concentrations: 0ppm
(Figure 3.12), 5ppm (Figure 3.13), 10ppm (Figure 3.14), 20ppm (Figure 3.15), 30ppm (Figure
3.16), 40ppm (Figure 3.17), 50ppm (Figure 3.18), and 75ppm (Figure 3.19). The morphology of
cells was highlighted as cocci (blue box), rods (green box), elongated rods / filamentous (yellow
box), and unhealthy cells (red box). The cells expressed primarily as rods or elongated rods /
filamentous throughout the study, with an increase of unhealthy cells by day seven of elapsed
incubation time. Microscope magnification is posted on the bottom right corner of each image;
however, images were enlarged and cropped to highlight morphological features.
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Figure 3.11: R. rhodochrous DAP 96253 MC 6 Grown w/ Co2+ Concentrations in mR3A
ppm = parts per million. Trendlines standardized based on the 0ppm control.
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Figure 3.12: R. rhodochrous DAP 96253 MC 6 w/ 0ppm Co2+

Blue = Cocci. Green = Rods. Yellow = Elongated Rods/Filamentous. Red = Unhealthy Cells
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Figure 3.13: R. rhodochrous DAP 96253 MC 6 w/ 5ppm Co2+

Blue = Cocci. Green = Rods. Yellow = Elongated Rods/Filamentous. Red = Unhealthy Cells
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Figure 3.14: R. rhodochrous DAP 96253 MC 6 w/ 10ppm Co2+

Blue = Cocci. Green = Rods. Yellow = Elongated Rods/Filamentous. Red = Unhealthy Cells
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Figure 3.15: R. rhodochrous DAP 96253 MC 6 w/ 20ppm Co2+

Blue = Cocci. Green = Rods. Yellow = Elongated Rods/Filamentous. Red = Unhealthy Cells
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Figure 3.16: R. rhodochrous DAP 96253 MC 6 w/ 30ppm Co2+

Blue = Cocci. Green = Rods. Yellow = Elongated Rods/Filamentous. Red = Unhealthy Cells
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Figure 3.17: R. rhodochrous DAP 96253 MC 6 w/ 40ppm Co2+

Blue = Cocci. Green = Rods. Yellow = Elongated Rods/Filamentous. Red = Unhealthy Cells
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Figure 3.18: R. rhodochrous DAP 96253 MC 6 w/ 50ppm Co2+

Blue = Cocci. Green = Rods. Yellow = Elongated Rods/Filamentous. Red = Unhealthy Cells
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Figure 3.19: R. rhodochrous DAP 96253 MC 6 w/ 75ppm Co2+

Blue = Cocci. Green = Rods. Yellow = Elongated Rods/Filamentous. Red = Unhealthy Cells
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3.1.4

Plant-based Nutrient Medium Study
Rhodococcus rhodochrous DAP 96253 MC 2 grown in various plant-based nutrient

medium broths did not show the same growth, based on optical density, then the non-pant-based
NB medium. The combination of “veggie” peptone and yeast extract (green) showed the greatest
potential, while just cottonseed (orange) did not see any significant increase in optical density
over elapsed incubation time (Figure 3.20).

Figure 3.20: Plant-based Nutrient Medium Study

NB = Nutrient Broth. CS = Cottonseed. VP = Veggie Peptone. YE = Yeast Extract.

3.2
3.2.1

Enzyme Production of R. rhodochrous DAP 96253 (Non-Fermentation)
Unit Definitions
•

IU of NHase: Amount of enzyme required to generate 1µmol of ammonia per minute
at pH 7.2 and 25°C from 1mL of CFL.
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•

IU of ASNase: Amount of enzyme required to generate 1µmol of ammonia per
minute at pH 7.6 and 25°C from 1mL of CFL.

•

IU of GLNase: Amount of enzyme required to generate 1µmol of ammonia per
minute at pH 7.6 and 25°C from 1mL of CFL.

•

IU/mg: Amount of specific activity of enzyme per mg of protein.

•

IU/Yield in 1L Culture: Amount of enzyme yield per 1L of culture, based on CWW.
1.

2.

𝐶𝐶𝐶𝐶𝐶𝐶 𝑔𝑔𝑔𝑔
100𝑚𝑚𝑚𝑚

×

1000𝑚𝑚𝑚𝑚
1𝐿𝐿

=

𝐶𝐶𝐶𝐶𝐶𝐶 𝑔𝑔𝑔𝑔
𝐿𝐿

× (𝐶𝐶𝐶𝐶𝐶𝐶: 𝐶𝐶𝐶𝐶𝐶𝐶 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅) =

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 (𝐿𝐿) = 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐶𝐶𝐶𝐶𝐶𝐶 𝑔𝑔𝑔𝑔
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐶𝐶𝐶𝐶𝐶𝐶 𝑔𝑔𝑔𝑔
5𝑔𝑔𝑔𝑔

𝐶𝐶𝐶𝐶𝐶𝐶 𝑔𝑔𝑔𝑔
𝐿𝐿

×

= # 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃
8𝑚𝑚𝑚𝑚 𝐶𝐶𝐶𝐶𝐶𝐶

3. # 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 × 𝑃𝑃𝑃𝑃𝑃𝑃 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑚𝑚𝑚𝑚 𝑜𝑜𝑜𝑜 𝐶𝐶𝐶𝐶𝐶𝐶
3.2.2

4. 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑚𝑚𝑚𝑚 𝑜𝑜𝑜𝑜 𝐶𝐶𝐶𝐶𝐶𝐶 × 𝐼𝐼𝐼𝐼 = 𝐼𝐼𝐼𝐼 𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌 𝑝𝑝𝑝𝑝𝑝𝑝 1𝐿𝐿 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

YEMEA Plates – NHase and ASNase

Rhodococcus rhodochrous DAP 96253 MC 5 was grown on YEMEA plates with various
inducers: Glucose (G), Glucose/Urea (GU), Glucose/Urea/Iron (GUFe), Glucose/Urea/Cobalt
(GUCo), and Glucose/Urea/Cobalt/Asparagine (GUCoAsn). Highest average NHase (blue)
activity was seen in CFL samples from GUCo (12.5ppm Co2+) and GUCoAsn (12.5ppm Co2+,
500ppm Asn) plates. The CFL derived from the GUCoAsn plates had the highest average
ASNase (yellow) activity among all inducers (Figure 3.21). Glucose and GU (7500ppm Urea)
plates had the most significant cell wet weight (CWW) per plate, while the introduction of iron
and cobalt inducers reduced the average CWW of each plate by half.
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Figure 3.21: Enzyme Activity or R. rhodochrous DAP 96253 MC 5 on YEMEA Plates

G = Glucose. U = Urea (7500ppm). Fe = Iron2+ (12.5ppm). Co = Cobalt2+ (12.5ppm). Asn = Asparagine (500ppm).

3.2.3

Seed (mR3A) Medium – Co2+ on Enzyme Production
Rhodococcus rhodochrous DAP 96253 grown in the seed (mR3A) medium for five days

and induced with Co2+, overexpressed NHase (green) in comparison to the mR3A without the
metal ion. This trend of overexpression of NHase was seen in all Co2+ concentrations, from
6.25ppm to 75ppm with various substrains of R. rhodochrous DAP 96253. The activity of
ASNase (blue) and GLNase (yellow) showed an increase of expression when compared to the
uninduced crude CFL (Figure 3.22). The enzyme activity axis is presented as a logarithmic scale
base “2”. The specific enzyme activity of crude CFL can be seen in Figure 3.23.
An average yield of 1.3x107 IU of total crude NHase can be collected per liter of culture
when induced with Co2+, with the highest production of total crude NHase production is seen at
12.5ppm Co2+ with a 1.7x107 IU yield per 1L of culture (Figure 3.24). In addition, a 1L culture,
based on cell biomass, can, on average, yield 2.3x104 IU of crude ASNase, with cultures
containing 25ppm and 37.5ppm of Co2+ producing upwards of 3.5x104 IU (Figure 3.25). In the
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case of GLNase, the average yield was 4.6x104 IU, with cultures containing 25ppm producing a
yield of 5.4x104 IU (Figure 3.26).
An SDS-PAGE confirmed the presence of the NHase α (yellow box) and NHase β (red
box) subunits. Additionally, a currently unknown protein (blue box) was also seen between
68kDA and 80kDA (Figure 3.27).

Figure 3.22: Enzyme Activity of R. rhodochrous DAP 96253 w/ Co2+ in mR3A

IU = Amount of enzyme required to generate 1µmol of ammonia per minute (See 3.2.1). Enzyme activity is
presented as a logarithmic scale base “2”. ppm = parts per million.
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Figure 3.23: Specific Enzyme Activity of R. rhodochrous DAP 96253 w/ Co2+ in mR3A

IU = Amount of specific activity of enzyme per mg of protein. (See 3.2.1). Enzyme activity is presented as a
logarithmic scale base “2”. ppm = parts per million.

Figure 3.24: Average Total Crude CFL NHase Yield and Biomass per 1L mR3A Culture

IU/Yield = Amount of enzyme yield per 1L of culture, based on CWW (See 3.2.1). ppm = parts per million.
CWW = Cell wet weight (compact). CWW to CDW Ratio = 9.4.
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Figure 3.25: Average Total Crude CFL ASNase Yield and Biomass per 1L mR3A Culture
IU/Yield = Amount of enzyme yield per 1L of culture, based on CWW (See 3.2.1). ppm = parts per million.
CWW = Cell wet weight (compact). CWW to CDW Ratio = 9.4.

Figure 3.26: Average Total Crude CFL GLNase Yield and Biomass per 1L mR3A Culture

IU/Yield = Amount of enzyme yield per 1L of culture, based on CWW (See 3.2.1). ppm = parts per million.
CWW = Cell wet weight (compact). CWW to CDW Ratio = 9.4.
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Figure 3.27: SDS-PAGE Comparison of R. rhodochrous DAP 96253 when Induced w/ Co2+
3.2.4

Seed (mR3A) Medium – Co2+ and Fe2+ on Enzyme Production
Rhodococcus rhodochrous DAP 96253 grown in the seed (mR3A) medium for five days

with supplemental Co2+ overexpressed NHase (green) in comparison to the mR3A with the Fe2+
inducer. ASNase (blue) and GLNase (yellow) activity was similar between the two metal ion
inducers (Figure 3.28). An SDS-PAGE confirmed the presence of the NHase α (yellow box) and
NHase β (red box) subunits. Additionally, a currently unknown protein (blue box) was also seen
between 68kDA and 80kDA. Several components of the monooxygenase family of proteins can
be seen within the green box (Figure 3.29).
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Figure 3.28: Enzyme Activity of R. rhodochrous DAP 96253 w/ Inducers in mR3A
Enzyme activity is presented as a logarithmic scale base “2”. ppm = parts per million.

Figure 3.29: SDS-PAGE Comparison of R. rhodochrous DAP 96253 Co2+ and Fe2+
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3.3

Fermentation of Rhodococcus rhodochrous DAP 96253
Refer to section 3.2.1 for unit descriptions.

3.3.1

OD600 vs. CDW
Comparison of biomass, represented by cell dry weight (CDW), and optical density

(OD600) showed a coefficient of determination (R2) of 0.1733 based on a linear trend line using a
sample pool of thirty (n = 30) fermentation runs among 12 sub-strains of R. rhodochrous DAP
96253 and DAP 96622 (Figure 3.30). Both R. rhodochrous DAP 96253 MC 15 and MC 12,
indicated as a green and yellow dot respectively in Figure 3.29, showed similar CDW but
varying OD600. MC 15 and MC 12 also showed a difference in morphological characteristics,
with the MC 15 fermentation culture being composed of primarily rod cells, while MC 12
containing elongated rods / filamentous cells (Figure 3.31).

Figure 3.30: Optical Density and CDW per Liter of Fermentation Culture

CDW = Cell Dry Weight. OD = Optical Density. R2 = Coefficient of Determination. n = 30. Green = MC 15.
Yellow = MC 12.
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Figure 3.31: Morphological Characteristics of R. rhodochrous During Fermentation

A = 100x R. rhodochrous MC 15 at OD600: 45.2. B = 100x R. rhodochrous MC 12 at OD600: 113.0. Green = Rods.
Yellow = Elongated Rods / Filamentous.

3.3.2

Substrain Variability on Titer for GUCo Fermentation Runs
Rhodococcus rhodochrous DAP 96253 MC 9 had the overall highest average titer with

74.58 ± 4.92 g/L, while R. rhodochrous DAP 96253 MC 15 had the lowest average titer with
28.7 g/L. Rhodococcus rhodochrous DAP 96622 MC 18 had an average titer of 72.49 ± 11.11
g/L during fermentation runs. The overall fermentation titer of all GUCo (12.5ppm Co2+) runs
was 53.22 ± 6.06 g/L. Non-standard fermentation runs were omitted due to the experimental
inducing, and harvesting conditions caused significant fluctuations in titer (Table 3.2).
Table 3.2: Average Titer of GUCo Fermentation Runs using R. rhodochrous
Co2+ = 12.5ppm. Non-standard fermentation runs were omitted. n = # of runs.

Sub-strain

Average Titer

96253 MC 7 (n = 4)

58.97 ± 4.63 g/L

96253 MC 8 (n = 1)

52.00 ± 0.00 g/L

96253 MC 9 (n = 4)

74.58 ± 4.92 g/L

96253 MC 10 (n = 1)

48.00 ± 0.00 g/L

96253 MC 11 (n = 3)

58.63 ± 10.66 g/L

64

3.3.3

96253 MC 12 (n = 4)

43.58 ± 6.79 g/L

96253 MC 13 (n = 2)

50.00 ± 28.00 g/L

96253 MC 14 (n = 2)

39.50 ± 9.50 g/L

96253 MC 15 (n = 1)

28.70 ± 0.00 g/L

96253 MC 16 (n = 4)

58.97 ± 15.41 g/L

96622 MC 18 (n = 2)

72.49 ± 11.11 g/L

Average (n = 28)

53.22 ± 6.06 g/L

Non-Plant vs. Plant Based Fermentation Media on Enzyme Production
Fermentation media that relied on non-plant ingredients, such as casamino acids, had an

average titer of 66.66 ± 11.02 g/L between both GU and GUCo (12.5ppm Co2+) runs, with the
highest titer being 89 g/L. The plant-based fermentation media runs had an average titer of 46.14
± 13.06 g/L, about 20.52 g/L less than the non-plant media runs. The highest titer for the plantbased media fermentation runs was 64.63 g/L. The plant-based fermentation runs overall had the
highest enzyme activity, with an average activity of 2.3x105 IU NHase, 8.8x103 IU ASNase, and
8.5x103 IU GLNase. The non-plant media runs had an average activity of 8.3x102 IU NHase and
3.24 IU ASNase.
3.3.4

Enzyme Yield from Fermentation Runs
Rhodococcus rhodochrous DAP 96253 grown in a 20L bioreactor induced with Co2+,

overexpressed NHase (green), with an average crude CFL activity of 3.1x105 ± 1527 IU in
comparison to 9.1x104 ± 5094 IU of average activity in the CFL of non-metal fermentation runs.
The average crude CFL activity of ASNase (blue) for GUCo runs was 7.8x103 ± 217 IU, while
GU run had an average crude CFL activity of 5.8x103 ± 22. The average crude CFL activity of
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GLNase (yellow) for GUCo runs was 7.8x103 ± 143 IU, while GU run had an average crude CFL
activity of 1.4x103 ± 19 (Figure 3.32).
An average yield of 2.9x107 IU of total crude NHase can be collected per liter of
fermentation when induced with Co2+, with the highest production of total crude NHase
production seen with MC 14 GUCo (12.5ppm Co2+) with an 8.6x107 IU yield per 1L of
fermentation harvest (Figure 3.33). This would yield 1.6x109 IU per fermentation run of 19L. An
average yield of 8.9x105 IU of total crude ASNase can be collected per liter of fermentation
when induced with Co2+, with the highest production of total crude ASNase production seen with
MC 16 GUCo (12.5ppm Co2+) with a 2.6x106 IU yield per 1L of fermentation harvest (Figure
3.34). This would yield 4.9x107 IU per fermentation run of 19L. The average yield of 9.2x105 IU
of total crude GLNase can be collected per liter of fermentation when induced with Co2+, with
the highest production of total crude GLNase production seen with MC 16 GUCo (12.5ppm
Co2+) with a 3.1x106 IU yield per 1L of fermentation harvest (Figure 3.35). This would yield
5.9x107 IU per fermentation run of 19L.
History plot of the fermentation run (MC 14 GUCo), which resulted in the highest yield
of total crude NHase, can be seen in Figure 3.36. The agitation (stirrer) rate (purple), temperature
(red), airflow (teal), dissolved oxygen (green), and pH (blue) are represented for the fermentation
run (EFT). The history plot of the fermentation run (MC 16 GUCo), which resulted in the highest
yield of total crude ASNase and GLNase, can be seen in Figure 3.37. The measurements are
represented as agitation (stirrer) rate (teal), temperature (red), airflow (purple), dissolved oxygen
(green), and pH (blue).
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Figure 3.32: CFL Enzyme Activity from 20L Fermentation Runs of R. rhodochrous 96253

IU = Amount of enzyme required to generate 1µmol of ammonia per minute (See 3.2.1). Enzyme activity is presented as a logarithmic scale base “10”
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Figure 3.33: Average Crude CFL NHase Yield and Biomass per 1L Fermentation Harvest

IU/Yield = Amount of enzyme yield per 1L of culture, based on CWW (See 3.2.1). CWW = Cell wet weight (compact). CWW to CDW Ratio = 3.9. Enzyme
yield is presented as a logarithmic scale base “10”.
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Figure 3.34: Average Crude CFL ASNase Yield and Biomass per 1L Fermentation Harvest

IU/Yield = Amount of enzyme yield per 1L of culture, based on CWW (See 3.2.1). CWW = Cell wet weight (compact). CWW to CDW Ratio = 3.9. Enzyme
yield is presented as a logarithmic scale base “10”.
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Figure 3.35: Average Crude CFL ASNase Yield and Biomass per 1L Fermentation Harvest

IU/Yield = Amount of enzyme yield per 1L of culture, based on CWW (See 3.2.1). CWW = Cell wet weight (compact). CWW to CDW Ratio = 3.9. Enzyme
yield is presented as a logarithmic scale base “10”.
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Figure 3.36: History Plot of R. rhodochrous DAP 96253 MC 14 GUCo (12.5ppm Co2+)

Agitation rate (purple), Temperature (red), Airflow (teal), Dissolved oxygen (green), and pH (blue) are represented over the EFT.
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Figure 3.37: History Plot of R. rhodochrous DAP 96253 MC 16 GUCo (12.5ppm Co2+)

Agitation rate (teal), Temperature (red), Airflow (purple), Dissolved oxygen (green), and pH (blue) are represented over the EFT.
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3.3.5

Enzyme Activity and Elapsed Fermentation Time (EFT)
The highest average CFL activity of crude NHase occurred at EFT: 24hrs with an activity

of 6.0x105 IU when R. rhodochrous DAP 96253 is grown in a 20L bioreactor with GUCo
(12.5ppm Co2+) conditions. The lowest average activity was seen at EFT: 62hrs with 6.2x104 IU.
In the case of ASNase, the average highest activity of crude ASNase in CFL occurred at EFT:
62hrs with 9.0x103 IU. This was also the case for GLNase, with an average CFL activity of
1.3x104 at EFT: 62hrs (Figure 3.38). These elapsed fermentation timepoints and enzyme
measurements came from three separate but identical runs (n = 3).

Figure 3.38: Average CFL Enzyme Activity and Elapsed Fermentation Time

IU = Amount of enzyme required to generate 1µmol of ammonia per minute (See 3.2.1). Enzyme activity is
presented as a logarithmic scale base “10”.
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3.3.6

Enzyme Activity with Co2+ (12.5ppm) vs. Co2+ (50.0ppm)
The average whole-cell NHase activity of fermentation runs utilizing 50ppm Co2+ was

1.7x103 IU and 1.21 IU of average ASNase activity. In comparison, the average whole-cell
NHase activity of fermentation runs utilizing 12.5ppm Co2+ was 4.3x102 IU and 2.95 IU of
average ASNase activity. The majority of fermentation runs were conducted at 12.5ppm Co2+, as
increased cobalt concentration leads to excessive foaming inside the reactor.
3.4
3.4.1

Post-Harvest Agricultural Study
Unit Definition
U of 1-HMO
•

3.4.2

𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑜𝑜𝑜𝑜 1,2−𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒.ℎ𝑜𝑜𝑜𝑜𝑜𝑜
𝑔𝑔𝑔𝑔 (𝐶𝐶𝐶𝐶𝐶𝐶)

1-HMO Activity in R. rhodochrous DAP 96253
Rhodococcus rhodochrous DAP 96253 grown in non-metal inducing conditions (GU) on

average produced the highest whole-cell 1-HMO activity of 42.06 U ± 14.06; in comparison
when the bacterium was grown with GUCo (12.5ppm Co2+), the average whole-cell 1-HMO
activity was 28.45 U ± 8.60. Purified 1-HMO, by the use of an anion exchange column, showed
the highest units in the 0.25M and 0.50M elutions.
3.4.3

R. rhodochrous WC Delayed Fruit Ripening
Rhodococcus rhodochrous DAP 96253 MC 9 whole-cells immobilized in M9 had the

most substantial delayed fruit ripening effect on bananas when utilizing 5gm of cell paste from
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the EFT: 68hr harvest in comparison to the control. In addition, the cell pastes more effectively
inhibited the fungal growth on the tips of the bananas (Figure 3.39).

Figure 3.39: Bananas Exposed to R. rhodochrous MC 9 (GUCo) for 11 Days

A = Control. B = 5gm of EFT: 46hrs WC Paste. C = 3gm of EFT: 68hrs WC Paste. D = 5gm of EFT: 68hrs WC
Paste. Left to Right = Day 0, Day 5, Day 11.

Rhodococcus rhodochrous DAP 96253 MC 10 whole-cells immobilized in M9 had the
most substantial delayed fruit ripening effect on bananas when utilizing 5gm of cell paste from
the fermentation harvest in comparison to the control after eleven days. The activity of 1-HMO
for whole-cell paste was 30.63 U (Figure 3.40).
Rhodococcus rhodochrous DAP 96253 MC 16 whole-cells had the most substantial
delayed fruit ripening effect on bananas when utilizing 3gm of cell paste from the EFT: 48hr
harvest in comparison to the control after fourteen days. The activity of 1-HMO for whole-cell
paste was 15.00 U (Figure 3.41).
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Figure 3.40: Bananas Exposed to R. rhodochrous MC 10 (GUCo) for 11 Days

A = Control. B = .5gm of WC Paste. C = 3gm of WC Paste. D = 5gm of WC Paste. Left to Right = Day 0, Day 11.

Figure 3.41: Bananas Exposed to R. rhodochrous MC 16 (GUCo) for 14 Days

76

3.4.4

R. rhodochrous Purified 1-HMO Delayed Fruit Ripening

Figure 3.42: Bananas Exposed to R. rhodochrous MC 8 WC and Purified 1-HMO
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Figure 3.43: Bananas Exposed to R. rhodochrous MC 16 (GU) Purified 1-HMO Fractions
Rhodococcus rhodochrous DAP 96253 MC 8 whole-cells, and purified 1-HMO showed a
significant delayed fruit ripening effect on bananas when utilizing cell paste from the
fermentation harvest in comparison to the control after ten days (Figure 3.42). In Figure 3.43,
the two protein elutions of 1-HMO are represented that were purified from the CFL of R.
rhodochrous MC 16 with GU fermentation conditions.
3.4.5

GC-MS Volatile Analysis
GC-MS volatile analysis did not indicate any new volatile identifications (Cannon, 2019).

3.4.6

R. rhodochrous WC Paste and Peaches
The natural fungal flora of longitudinal peach slices was inhibited with both 3gm (Figure

3.45) and 5gm (Figure 3.46) of induced whole-cell R. rhodochrous paste in a contact-
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independent application in comparison to the control (Figure 3.44). Longitudinal peach slice
images were analyzed using Adobe Photoshop CC 2019, and surface layer coverage of fungal
growth was measured (Figure 3.47). The removal of R. rhodochrous paste yielded an average
increase of surface layer coverage of fungal growth for the treated samples.

Figure 3.44: 14.2 gm Peach Slice Control
Day 0 – Day 15.

Figure 3.45: 12.3 gm Peach Slice & 3 gm WC R. rhodochrous
Day 0 – Day 15.

Figure 3.46: 12.7 gm Peach Slice & 5 gm WC R. rhodochrous
Day 0 – Day 15
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Figure 3.47: Measurement of surface layer coverage of fungal growth on peach slices.
R. rhodochrous WC paste was removed on day ten.

3.4.7

Inhibition of Fungal Growth on Strawberries
Cardboard trays were surface coated with a wax catalyst mixture containing a 25% R.

rhodochrous 96253 mixture. Clamshells containing the strawberries were then placed on the tray
and stored at 5°C and 25°C. At 25°C storage, the treated strawberries showed slight fungal
growth following eleven days of storage, while the control had significant coverage of
Aspergillus spp. (Figure 3.48). At 5°C storage, the treated strawberries had no visual fungal
growth following eleven days of storage, while the control started showing signs of Aspergillus
spp. growth (Figure 3.49).
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Figure 3.48: Strawberries treated with immobilized WC R. rhodochrous 96253 (RT)

A = Control Day 0. B = Control Day 11. C = Treated Day 0. D = Treated Day 11. Red circles indicate fungal growth
of Aspergillus. Stored at room temperature (25°C) for eleven days.

Figure 3.49: Strawberries treated with immobilized WC R. rhodochrous 96253 (5°C)

A = Control Day 0. B = Control Day 11. C = Treated Day 0. D = Treated Day 11. Red circles indicate fungal growth
of Aspergillus. Stored at room temperature (5°C) for eleven days.
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4
4.1

DISCUSSION

Growth Study of R. rhodochrous DAP 96253
Preliminary studies on R. rhodochrous DAP 96253 have shown the importance of how

the seed cultures used to inoculate the bioreactor are prepared when developing an efficient
process method for high titer biomass and robust enzyme production (Barlament, 2016; Cannon,
2019; Drago, 2007). The preparation of a robust seed culture that is utilized to inoculate the
bioreactor currently takes five to six days to develop and has several variables that can alter its
efficiency. These variables include the preparation and specific substrain of the R. rhodochrous
stock, the growth of the culture in nutrient broth (NB), and the actual composition and incubation
of the seed culture (mR3A).
4.1.1

Stock / Strain Variations
Over the years of this study, sixteen new substrain variations of the original cell line of R.

rhodochrous DAP 96253 and a single new DAP 96622 substrain were utilized to conduct all
bacteria-based experiments (Table 2.1). Variations of the original cell line strain occurred due to
differences in specific preparation methods over time for each investigator (as indicated by their
initials), and the source and condition of the previous cell line as limited quantities of each batch
of stocks was created. Each substrain was given a unique ID code for simplicity purposes. The
MC 1,2,3,4,5,6, and 17 substrains were derived from stored whole-cell paste held under various
environmental and substrate conditions, such as growth media supplemented with Co2+ or ASN.
The MC 7,8,9,10,11 and 13 substrains were derived from their predecessor stock to continue the
cell line’s unique characteristics and variations that were established previously. Lastly, MC 12
and its subsequent successor substrains MC 12-14, 12-15, and 12-16 arose from UV irradiation
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to stimulate random point mutations that could lead to higher output production of ASNase
(Cannon, 2019). Due to these variations among the stocks, growth studies of each new stock
needed to be conducted to verify the suitability of the previous methodology as unseen
genotypical changes could alter the expected end product.
4.1.2

Nutrient Broth
Over the first 24hrs of growth of R. rhodochrous DAP 96253 in nutrient broth (NB)

showed strong similarities in optical density (OD600) among the twelve substrains that were
tested. However, after 24hrs of elapsed incubation time (EIT), these similarities dissipated, and
OD600 variations became more pronounced among the substrains (Figure 3.3). Due to the welldocumented pleomorphic nature of R. rhodochrous, it was hypothesized that the OD600 readings
were affected by filament formation, which could impact the accuracy of turbidity measurements
(Fischer & Sawers, 2013). A dry-weight to OD600 study (Dalgaard, Ross, Kamperman,
Neumeyer, & McMeekin, 1994) encompassing five days of incubation was conducted to verify
this, and it was shown that biomass increased in correlation to optical density when R.
rhodochrous was grown in NB, based on the coefficient of determination (Figure 3.1). The use
of morphological visualization further supported this correlation, showing R. rhodochrous
samples being primarily composed of branched rod-cocci cells after five days of incubation and
lacking filamentous morphological properties (Figure 3.2). It is thought the OD600 variations seen
among the stocks near the end of the incubation were due to the variations among the substrains
and their ability to uptake and breakdown the carbon and nitrogen sources within a sole liquid
medium. As wild-type strains are abundantly found in soil (Larkin et al., 2010), composed of
solid and sediment mixtures of organic and inorganic particles (Alvarez, 2010) that were initially
mimicked with biphasic cultures (Drago, 2007). Based upon these findings, it was concluded that
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the mid-log phase, with the least amount of variation among stocks and the most productive
phase of growth, based on the polynomial trend of the growth study, was the optimal time point
to transfer the culture to the seed inoculum that contained fresh nutrients to accelerate biomass
production and the metal inducer to allow the cells to acclimate to the upcoming conditions of
the bioreactor.
4.1.3

Seed (mR3A) Medium
The optimal transfer timepoint of the seed (mR3A) culture to the bioreactor was uniquely

dependent on each substrain as the exponential and stationary phases varied among them (Figure
3.4). Variation of OD600 among each replicate substrain was low for the initial four days of EIT
and followed a similar pattern as the NB cultures. However, these variations significantly
increased by the six and seventh day of incubation. The dry-weight to OD600 study indicated a
similar correlation between biomass and optical density for the initial five days of incubation, as
seen with the NB in figure 3.1; however, by day six, this correlation was no longer significant as
the biomass plateaued while the optical density fluctuated significantly. The morphological
characterization confirmed this by the visualization of filamentous R. rhodochrous in the day
seven samples; in comparison to day one and day four, that contained primarily only branched
rod-cocci cells (Figure 3.7. 3.8, 3.9, 3.10). The presence of filamentous cells within the samples
would impede the accuracy of the optical density measurements (Fischer & Sawers, 2013).
These morphological changes as the cells age present a significant problem with OD600
measurements for fermentation runs (Figure 3.30). Numerous filamentous cells of R.
rhodochrous DAP 96253 are visualized in samples collected from ongoing fermentation runs
(Figure 3.31). This is most likely due to the age of the cells, as the inoculation of the stock
occurred six days before the beginning of the fermentation run.
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There is an inverse relation between OD600 and glucose concentration within the seed
(mR3A) cultures (Figure 3.5, 3.6). Rhodococcus rhodochrous is capable of utilizing multiple
carbon sources due to its diverse metabolism (Goodfellow & Alderson, 1977; Rainey et al.,
1995; Wever et al., 1997). It is currently scientifically accepted that Rhodococcus can utilize
both the Embden-Meyerhof-Parnas (EMP) and Entner-Duodoroff (ED) pathway for the
oxidation of glucose while also utilizing the pentose phosphate (PP) pathway (Appendix D),
based on the genome sequence of R. jostii (Alvarez, 2010). These pathways allow R.
rhodochrous to utilize the supplemented glucose for both energy production and the production
of essential nucleic acids required for replication. Therefore, the correlation between OD600 and
glucose exists, as R. rhodochrous focuses on cell growth in the presence of glucose abundance.
This biomass growth, based on OD600, significantly slows after the fourth day of EIT, as glucose
concentration reaches depletion within the medium. However, a slight biomass growth continues
into the fifth day of incubation. This slight increase in biomass is possible due to bacteria
accumulating glycogen, using glycogen synthesis, during the exponential phase acting as a
carbon capacitor for glycolysis and protecting the cells from sugar excess (Belanger & Hatfull,
1999). During the stationary phase, glycogen levels decrease due to gluconeogenesis, and newly
reformed glucose is shuttled back into the EMP/ED pathway during low extracellular glucose
abundance. Additionally, Rhodococcus spp. convert glucose to trehalose, an important
component in the cell membrane (Alvarez, 2019).
Based upon these findings, it was concluded that the optimal time for the transfer of the
seed (mR3A) culture to the bioreactor would be between the end of the exponential phase and
the beginning of the stationary phase. This would allow for an inoculation with the highest
amount of cell biomass, based on OD600, and enough intracellular glycogen storage to facilitate
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and satisfy the required energy production during the transfer period into the bioreactor without
shifting the metabolism away from glycolysis.
4.2

Co2+ and Biomass
The introduction of Co2+ to the growth medium tends to decrease the overall biomass of

R. rhodochrous when grown in flask cultures. When comparing flask cultures of R. rhodochrous
MC 9 grown with (GUCo) and without (GU) the cobalt inducer, the GU cultures had 8.07gm
more of compact CWW per liter in comparison to the GUCo cultures (Figure 3.4). The overall
concentration (ppm) of Co2+ within the medium also plays a significant role in the growth of the
cells within flask cultures. Flask cultures grown with more than 30ppm of Co2+ exhibited stunted
growth and took a longer EIT to recover to similar OD600 as the flask cultures with less Co2+
(Figure 3.11). This stunted growth could be the result of Co2+ outcompeting Fe2+ during the
synthesis of critical metabolic proteins needed for healthy cell growth. This trend was seen in E.
coli, were Co2+ disrupted the scaffold proteins utilized for the synthesis of [Fe-S] clusters
proteins that are employed by the cell as inorganic cofactors for proteins that have critical
metabolic functions such as electron transfer within the membrane (Blanc, Gerez, & Ollagnier de
Choudens, 2015; Majtan, Frerman, & Kraus, 2011; Ranquet, Ollagnier-de-Choudens, Loiseau,
Barras, & Fontecave, 2007). It is hypothesized that R. rhodochrous can recover from these
effects due to the depletion of freely available Co2+ when the production of NHase increases due
to the addition of urea. The freely available Co2+ concentration decreases as the oxidized Co2+ is
used as a non-corrinoid cofactor by the enzyme to increase its activity potential (Hoppert, 2011;
Huang et al., 1997; Kobayashi & Shimizu, 1998).
It is of interest that certain substrains of R. rhodochrous DAP 96253 do not exhibit the
adverse effects on growth when cultured with Co2+ in the medium. This could be a sign of a
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genetic adaptation, such as quicker incorporation of cobalt into the α subunit could relieve the
pressure by consuming the Co2+ pool in the cell. Based on recent whole-genome sequencing on
R. rhodochrous DAP 96253, the nhhG gene acts as an NHase regulator (Figure 4.1). The gene
encodes a monomer (nhhG-M), which in its dimer form (nnhG-D), binds Co2+. This allows the
nnhG-D to incorporate the Co2+ (or the oxidized Co3+) into the α subunit of the H-NHase.
Additionally, the nhhG gene overlaps the nhhA gene, and therefore it is hypothesized that both
genes are always transcribed in unison. This would allow nhhG-D to be both a self-subunit
chaperone and a metallochaperone; these characteristics were also identified in R. rhodochrous
J1 with alternate gene orders and also within the L-NHase operon (Zhemin Zhou et al., 2010;
Zhemin Zhou, Hashimoto, & Kobayashi, 2009)

Figure 4.1: Hypothesized Gene Order of H-NHase in R. rhodochrous DAP 96253.
Derived from whole genome sequence (Neville, 2016; Patel 2019, not published).

These adaptations could be due to the repeated exposure to the metal ion throughout the
years, especially for those stocks that were derived from previous Co2+ induced cultures. This
correlates with the upregulation of the nhlF gene, which produces the membrane-bound cobalt
transporter that shuttles Co2+ into the cell (Appendix E)(Kobayashi & Shimizu, 1998). In the
case of the pre-pilot fed-batch fermentation runs, a correlation between Co2+ and biomass was
not able to be determined due to the numerous variables each run differs from each other (Figure
3.36, 3.37).
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As previously discussed, when R. rhodochrous becomes filamentous, the OD600
measurements that were utilized to predict growth and biomass becomes unreliable. In the case
of R. rhodochrous DAP 96253 grown in seed (mR3A) cultures containing 5,10,20,30, and
40ppm of Co2+, the morphological visualization of filamentous cells (yellow box) is present as
early as day four of EIT (Figure 3.13 – 3.17). This could explain why the 20, 30, and 40ppm
cultures had, on average, higher OD600 in comparison to the 0ppm control (Figure 3.11). All high
OD600 measuring cultures did show morphological characteristics of unhealthy cells (red box),
with some indicating cell lysis by day seven of EIT due to nutrition depletion (Figures 3.12 –
3.17).
4.3

Co2+ and Enzyme Activity
The supplementation of Co2+ to the seed (mR3A) culture increased the enzyme activity of

NHase, ASNase, and GLNase within the crude CFL when compared to the 0ppm Co2+ culture
(Figure 3.22). The most significant average increase of crude CFL enzyme activity was seen with
NHase, where the enzyme activity of NHase increased by 3.3x105 IU in comparison to not
utilizing Co2+. This was expected, as NHase produced by R. rhodochrous can utilize both cobalt
and iron as cofactors (Nojiri et al., 2000). The 75ppm Co2+ seed culture had the highest amount
of crude CFL enzyme activity of NHase with 4.0x105 IU. However, it is essential to note that the
75ppm Co2+ seed culture also had the lowest total crude CFL NHase yield in comparison due to
a low biomass yield of compact CWW per liter (Figure 3.24). When comparing crude CFL
NHase yield, the 12.5ppm Co2+ seed culture had the highest output with 1.7x107 IU/Yield.
Similar trends were seen with both ASNase and GLNase. Crude CFL enzyme activity of
ASNase and GLNase increased somewhat proportionally with increasing Co2+ concentrations
(Figure 3.22). As with NHase, the 75ppm Co2+ culture had the highest crude CFL enzyme
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activity of ASNase with 1.1x103 IU. However, GLNase activity was highest in the 25ppm Co2+
culture with a crude CFL activity of 2.3x103 IU. It is interesting to see that both ASNase and
GLNase activity within the crude CFL followed similar trends. While most prokaryotes produce
GLNase, it is crucial to differentiate strict GLNase proteins and GLNase-ASNase proteins that
can deaminate ASN and GLN (Brown et al., 2008). However, recent studies in our lab have
shown specific storage conditions reduce GLNase activity while maintaining ASNase activity in
R. rhodochrous DAP 96253; this suggests both ASNase and GLNase are separate proteins. Both
the 25ppm and 37.5ppm Co2+ seed cultures produced the highest average total crude CFL
ASNase yield, with 3.6x104 IU/Yield (Figure 3.25), while for GLNase the highest yield was in
the 25ppm Co2+ culture (Figure 3.26).
Statistical ANOVA F-test (NHase, 10.05; ASNase, 8.25; GLNase 7.69) indicated a
rejection of null hypothesis and indicated variation among Co+2 concentrations of each individual
enzyme are more than expected to see by chance. P-values of NHase, ASNase, and GLNase were
below 0.05 among Co+2 concentrations.
4.4

EFT and Enzyme Activity
During an average 62hr fermentation run, the highest activity of NHase can be seen

during the first 42hrs (Figure 3.38). After that, the activity of NHase drops; however, the crude
CFL samples still contain a significant amount of activity until the final harvest. This is most
likely due to the depletion of the feed medium by the 42hr mark. The depletion of the feed
medium would indicate the stop of supplemental amides and start downregulating the gene
expression for NHase (Appendix E). The activity of NHase remains consistent even after the
downregulation since the use of the Co3+ cofactor leads to the high stability of the enzyme
(Hoppert, 2011; Huang et al., 1997; Kobayashi & Shimizu, 1998). Both ASNase and GLNase
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activity within the crude CFL gradually increases following 24hrs of fermentation. The highest
activity for both enzymes can be seen at the final harvest timepoint of 62hrs. This is most likely
due to the feed exhaust, as the cells no longer focus on exponential growth and switch over to
producing specialized enzymes due to its diverse metabolism (Alvarez, 2019).
4.5

Enzyme Identification
SDS-PAGE gels showed consistent, intense bands at both 26kDA and 29kDA, indicating

the α and β subunits of both H-NHase and L-NHase, respectively (Figure 3.27, 3.29)(Kobayashi
& Shimizu, 1998). The intensity of the band was consistent with high concentrations of NHase
found in Co2+ induced samples, while non-induced samples had much less intense NHase bands.
It is thought that the upregulation of both the L-NHase and H-NHase genes is regulated by the
presence of amides, while iron and cobalt only act as cofactors for increased catalysis
(Kobayashi & Shimizu, 1998). Supplementation of amide containing ingredients, such as urea,
was not altered between cultures, and all experiments contained traces of iron found in the
ingredients of the mR3A medium (Appendix A). It has been shown that Co-NHase is more stable
than Fe-NHase (Kovacs, 2004; Miyanaga, Fushinobu, Ito, Shoun, & Wakagi, 2004); therefore, it
is hypothesized that the Fe-NHase subunits degraded by the time the SDS-PAGE gels were
conducted. This could explain why the seed (mR3A) culture had similar high NHase activity as
the Co-NHase, but the bands of the Fe-NHase indicated a lower protein concentration. A
secondary hypothesis is that within R. rhodochrous DAP 96253, Co-NHase or the Co2+ ion itself
plays a role in upregulating the production of NHase. However, testing this hypothesis would be
difficult as it requires knocking out specific genes, such as nhhC, nhhD, nhlD, and nhlC
(Appendix E). Additionally, whole-genome sequence analysis of R. rhodochrous DAP 96253
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indicates putative NHase and AMDase clusters with urea ABC transporters (Appendix F),
suggesting an adaptation to shuttle amides into the cell to stimulate NHase production.
Currently, a visual band of ASNase and GLNase has not been successfully identified when
using R. rhodochrous DAP 96253 protein samples on SDS-PAGE. The protein weight of the
ASNase and GLNase subunit is thought to be 35.6kDA and 20kDA, respectively, when derived
from E. coli (Hashizume et al., 2011; Jennings & Beacham, 1990). Recent whole-genome
sequence analysis of R. rhodochrous DAP 96253 indicates the presence of a hypothetical protein
of L-ASNase type 2-like superfamily with a molecular weight of 33.73kDA (Appendix F). Slight
bands can be seen around 30-36kDA in lane 3, 4, and 5 on the SDS-PAGE in figure 3.29;
however, these bands are faint in comparison to the NHase subunits and monooxygenase
proteins. Additionally, any high enzyme activity of ASNase has always been accompanied by
even higher NHase activity. It is thought that the NHase in R. rhodochrous DAP 96253 has
ASNase-like activity. This hypothesis is supported by the trend that the increase of Co2+ not only
increased NHase activity but does the same with ASNase and GLNase. Additionally, any
purified and visualized samples of ASNase so far have also consistently confirmed the presence
of NHase (Amadasun, 2020). It is important to note though that several studies conducted on
ASNase with other organisms, such as Streptomyces, Staphylococcus, and E. coli, have shown
the presence of Co2+ enhances the activity of the enzyme (El-Naggar, Deraz, El-Ewasy, &
Suddek, 2018; Han, Jung, & Park, 2014).
4.6

Therapeutic Applications
The administration of ASNase can be given either as an intravenous or intramuscular

injection (Egler, Ahuja, & Matloub, 2016; Vrooman et al., 2016). In the case of pediatric
patients, the dosage schedule can vary based on age, body surface area of the child, and type of
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ASNase treatment given. However, many studies with high-risk ALL patients were given 25,000
IU/m2 of E. coli ASNase weekly for thirty weeks with positive results (Pieters et al., 2011). The
average body surface of a child at the age of ten is 1.14m2, which calculates to a required dosage
of 28,500 IU of ASNase weekly, or 8.6x105 IU per treatment cycle (Mosteller, 1987).
Current purification methods of R. rhodochrous DAP 96253 ASNase yield 23% of
activity (IU) following dialysis, AEX, and SEC purification of the crude CFL based on the
methods of Sanchez et al., 2019 (submitted November 2019) (Appendix G). Therefore, R.
rhodochrous DAP 96253 grown with 37.5ppm of Co2+ in a 1L seed (mR3A) culture has the
capability of producing 8.1x103 IU of purified ASNase (Figure 3.25). This would approximately
require 106L of seed (mR3A) culture to supply one cycle of treatment. The pre-pilot fed-batch
fermentation run of R. rhodochrous DAP 96253 MC 16 with 12.5ppm of Co2+ produced an
average total crude CFL ASNase yield of 2.6x106 IU per 1L of harvest (Figure 3.34). Once
purified, this would be 6.0x105 IU of ASNase per 1L of fermentation harvest. This would
approximately require 1.4L of fermentation harvest to supply one cycle of treatment. A single
18L fermentation run using the 20L Biostat C would theoretically be able to produce enough
purified ASNase to treat 12 children for ALL through 30 weeks. It is important to note that these
calculations are based on the highest activity and biomass fed-batch fermentation runs (Figure
3.34). In general, most fermentation runs produced 20 gm/L less of CWW, which would
decrease the number of treatment cycles that could be satisfied.
4.7

Post-Harvest Agricultural Applications
The use of R. rhodochrous DAP 96253 and DAP 96622 as a post-harvest agricultural

application shows strong promise when used with bananas, peaches, and strawberries. The
delayed fruit ripening properties regarding bananas showed the potential to extend the shelf-life
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of the fruit by several days when immobilized whole-cells of R. rhodochrous are used in a
contact-independent manner (Figure 3.39). The same delayed fruit ripening properties were seen
when whole cells were not immobilized (Figure 3.40, 3.41); however, the use of nonimmobilized cells might leave a negative public impression for the consumer.
The use of purified 1-HMO, or other possible monooxygenases produced by R.
rhodochrous (Appendix H), showed the best delayed fruit ripening properties with 5 µg/mL and
10 µg/mL of 1-HMO; increasing the shelf-life of the bananas significantly in comparison to the
untreated control (Figure 3.42. 3.43). When immobilized in DEAE-sephacel, the purified 1HMO still expressed strong delayed fruit ripening properties (Belshazzar, 2017). Rhodococcus
rhodochrous DAP 96253 grown in non-metal inducing conditions (GU) on average produced the
highest whole-cell 1-HMO activity of 42.06 U ± 14.06; in comparison, when the bacterium was
grown with GUCo. Purified 1-HMO, by the use of an anion exchange column, showed the
highest units in the 0.25M and 0.50M elutions. However, recent quantification of 1-HMO has
been challenging and not reliable. SDS-PAGE gels showed predicted monooxygenase proteins,
such as epoxygenase and reductase (Figure 3.29); however, reliable sequencing on samples has
not been achieved as of recently.
In addition to the delayed fruit ripening properties, R. rhodochrous DAP 96253 also has
the potential to acts as an antifungal catalyst (Barlament, 2016; Cannon, 2019). Recent studies
have shown that R. rhodochrous DAP 96253 compact whole-cell paste derived from fed-batch
fermentation runs inhibit the growth of the natural fungal flora on peaches in a contactindependent manner (Figure 3.44 – 3.46). The removal of the whole-cells lead to a rapid increase
of fungal growth on the peaches (Figure 3.47). This application can extend the shelf-life of
peaches for up to two days, which is significant in the transport of fresh fruit (Matson, 1997).
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This same trend was seen with strawberries, as the cardboard trays that were surface coated with
a wax catalyst mixture containing a 25% R. rhodochrous 96253 mixture showed significant
inhibition of Aspergillus spp. (Figure 3.48, 3.49), when stored at room temperature and the
fridge. The management and control of these agricultural fungal diseases are significant as the
current use of chemical fungicides is shunned by consumers and diverting from the current
monocultural trends is not plausible. Therefore, the use of biological agents in a contactindependent setting is becoming more marketable.
4.8

Summary
Rhodococcus rhodochrous DAP 96253 is a versatile bacterium. The bacterium has a

broad metabolic and physiological diversity that allows for numerous practical therapeutic and
agricultural applications.
Each substrain of R. rhodochrous DAP 96253 has its unique growth pattern, and studies
on the optimization of each stock need to be continuously conducted as changes will arise
throughout the continuous use of the bacterium. Flask cultures and pre-pilot fed-batch
fermentations (20L) of R. rhodochrous DAP 96253 were conducted to study the effects of Co2+
on the enzyme activity and biomass production of the bacterium. It was shown that the
introduction of the metal ion overexpressed the activity of nitrile hydratase and significantly
increased the activity of asparaginase and glutaminase within the harvested crude cell-free lysate.
Asparaginase is currently used for the treatment of juvenile acute lymphoblastic leukemia
and has shown promising in vitro anti-cancer results in our lab. This significant increase of
asparaginase activity allowed for the crude production 8.1x103 IU of purified ASNase from each
liter of induced seed (mR3A) culture. The pre-pilot fed-batch fermentation run of R.
rhodochrous DAP 96253 with 12.5ppm of Co2+ produced 6.0x105 IU of purified ASNase per 1L
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of fermentation harvest. A single 18L fermentation run would theoretically be able to produce
enough purified ASNase to treat approximately 12 children for ALL through 30 weeks.
In addition to high enzyme production, this study showed that immobilized whole-cells
and specific purified enzymes, such as monooxygenases, could be used as a contact-independent
application for the delayed fruit ripening of climacteric fruit and as an antifungal catalyst towards
phytopathogenic fungi. This use of biological agents in a contact-independent setting is becoming
more marketable due to consumer opinions and needs.
These findings indicate that the use of supplemental Co2+ in conjunction with pre-pilot fedbatch fermentation of R. rhodochrous DAP 96253 allows for the large-scale production of
enzymes and could be a potential biomanufacturing candidate for therapeutic and agricultural
products.
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APPENDICES
Appendix A: 1X mR3A Seed Medium Composition
Component
Proyield Cotton, UI

Manufacture
FrieslandCampina

Concentration (g/L)
3.00

Soluble Starch

BD DifcoTM

1.50

TM

1.50

Yeast Extract Technical

BD Bacto

Magnesium Sulfate, Anhydrous

J.T. Baker

0.15

Potassium Phosphate, Dibasic

EMD Millipore

0.90

Dextrose (D-Glucose), Anhydrous

Fisher Chemical

10.00

Sodium Pyruvate (ReagentPlus)

Sigma-Aldrich

0.76

Urea, Certified ACS

Fisher Chemical

16.00

Cobalt (II) Chloride Hexahydrate

Sigma-Aldrich

0.05*

* Concentrations will vary depending on experimental design.
Appendix B: 5X mR3A Batch Medium Composition
Component
Proyield Cotton, UI

Manufacture
FrieslandCampina

Concentration (g/L)
15.00

Soluble Starch

BD DifcoTM

7.45

Yeast Extract Technical

BD BactoTM

7.45

Magnesium Sulfate, Anhydrous

J.T. Baker

0.75

Potassium Phosphate, Dibasic

EMD Millipore

4.50

Dextrose (D-Glucose), Anhydrous

Fisher Chemical

7.45

Sodium Pyruvate (ReagentPlus)

Sigma-Aldrich

3.80

Urea, Certified ACS

Fisher Chemical

80.00

Cobalt (II) Chloride Hexahydrate

Sigma-Aldrich

0.20*

* Concentrations will vary depending on experimental design.
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Appendix C: YEC Feed Medium Composition (YECFM)
Component
Proyield Cotton, UI

Manufacture
FrieslandCampina

Concentration (g/L)
7.80

Yeast Extract Technical

BD BactoTM

32.00

Dextrose (D-Glucose), Anhydrous

Fisher Chemical

80.00

Urea, Certified ACS

Fisher Chemical

16.00

Cobalt (II) Chloride Hexahydrate

Sigma-Aldrich

0.05*

* Concentrations will vary depending on experimental design.
Appendix D: R. rhodochrous Metabolism

(Alvarez, 2019)
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Appendix E: R. rhodochrous NHase Gene Schematic
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Appendix F: BLAST Whole Genome Sequence (Keyword: NHase, ASNase)
Start / Stop (Strand)
1125 / 445 (-)

Cobalt-containing nitrile hydratase subunit beta (EC 4.2.1.84)

Function

MW (kDA)
25.21

1647 / 1201(-)

Putative transmembrane nitrile hydratase

16.93

1315 / 449 (-)

Putative nitrile hydratase regulator clustered with urea transport

31.82

2146 / 1649 (-)

Cobalt-containing nitrile hydratase subunit beta (EC 4.2.1.84)

18.41

2701 / 1628 (-)

Putative nitrile hydratase regulator clustered with urea transport

38.28

2595 / 1081 (-)

53.47

269 / 931 (+)

Amidase clustered with urea ABC transporter and nitrile hydratase
functions
Cobalt-containing nitrile hydratase subunit beta (EC 4.2.1.84)

945 / 1556 (+)

Cobalt-containing nitrile hydratase subunit alpha (EC 4.2.1.84)

22.79

1553 / 1867 (+)

Putative transmembrane nitrile hydratase

11.65

6256 / 5282 (-)

Hypothetical protein of L-Asparaginase type 2-like superfamily

33.73

24.47

Appendix G: Purification of Enzymes from R. rhodochrous DAP 96253.
Purification
step

Lysate
Dialysis
AEX
SEC

Total activity (IU)
ASNase

1861
1670
763
425

GLNase

2148
1044
473
198

Protein
(mg/mL)

179
174
10.75
0.14

Specific activity
(IU/mg)
ASNase
GLNase

10.4
9.6
71
3036

12
6
44
1417

Fold purification
ASNase

1
0.9
6.8
292

GLNase

Sanchez et al., 2019 (submitted November 2019)
Appendix H: Monooxygenase Sequence Analysis
Genetic Analysis of R rhodochrous DAP 96253
(Sequence analysis determined by US Forest Service).
Number in [#] indicates number of gene copies identified.
Where ID of the MO is precisely identified the EC number is provided.
1. Flavin Family Monooxygenase [5]
2. 4-hydroxy-phenylacetate-3-Monooxygenase [3]

1
0.5
4
118

Yield (%)
ASNase

100
90
41
23

GLNase

100
49
22
9
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3. Ubiquinone biosynthesis Monooxygenase [2]
4. Luciferase-like Monooxygenase [1] (similar to alkane MO)
5. Putative Monooxygenase [11]
6. Nitrilotriacetic Acid Monoxygenase – Component- B
7. Nitrilotriacetic Acid Monoxygenase – Component- A
(this is the reductase)
8. Alkane-1-Monooxygenase (1.14.15.13) [2]
9. Methane Monooxygenase Regulatory Protein B [1]
10. Methane Monooxygenase Component A: β-chain (EC 1.14.13.25) [2]
105 (EC 1.14.13) [13] (EC 1.14.13) [2]
11. Methane Monooxygenase Component C (EC 1.14.13.25) [1]
12. Alkane Sulfonate Monooxygenase (EC 1.14.14.5) [1]
13. Pyrimidine catabolism Rut A Monooxygenase [1]
14. Peptide Monooxygenase [1]
15. Cyclohexanone Monooxygenase (EC 1.14.13.22) [14]
16. Rifampin Monooxygenase [1]
17. Antibiotic Synthesis Monooxygenase [1]
18. Coenzyme F420 dependent N5,N10 –methyltetrahydromethanopterin reductase [1]
19. FAD-Monooxygenase (PheA/TfdB) [1]
20. Monooxygenase-FAD binding Reductase (EC 1.14.13.20) [1]

